
ABSTRACT 

Can Changing Running Shoes Immediately Reduce the Risk of Tibial Stress Fractures? 

Jennifer E. Tavares, M.S.B.M.E 

Mentor: Jonathan Rylander, Ph.D. 

Running is becoming a more popular sport worldwide. However, many runners 

suffer from tibial stress fractures (TSF). While there are various kinematic, kinetic, and 

anthropometric risk factors associated with TSF, it is thought that by changing running 

shoes one or several of these risk factors will decrease. This thesis is focused on the 

kinetics, kinematics, and muscle activation patterns of commercially available shoes as 

they affect known risk factors for TSF. Five different running conditions (barefoot, 

minimalist, maximalist, neutral, and stability shoes) were analyzed in this study. The test 

protocol utilized 3D motion capture, force plates, and EMG. The findings suggest that 

strike pattern and foot alignment rather than shoes are the determining factors in 

eliminating risk factors for TSF. Future works should involve fatigue studies and gait 

retraining studies to determine the best shoe for long term reduction of TSF risk.  
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CHAPTER ONE 

 

Introduction 

 

 

Running is an increasingly popular sport worldwide both as a recreational activity 

and to improve overall health [1]. However, stress fractures are one of the most common 

running-related injuries. This accounts for 6%-14% of all running-related 

musculoskeletal injuries [2]. Stress fractures occur primarily in the tibia (33%), tarsals 

(20%), metatarsals (20%), femur (11%), fibula (7%), and pelvis (7%) [3]. Before 

discussing the causes of stress fractures, a thorough understanding of bone and the 

biomechanics of running is necessary.  

Stress fractures are caused by a complex form of internal and external loading of 

the bone, cyclic fatigue, bone composition, and anthropometrics. While some factors 

such as bone composition and anthropometrics cannot be altered easily, others such as 

loading patterns may be altered by changing how an individual runs. The purpose of this 

thesis is to investigate the use of various running shoes to determine if they have an 

immediate effect on known risk factors for tibial stress fractures. Specific areas of focus 

include ankle plantar/dorsiflexion, ankle eversion, ankle internal rotation, lower extremity 

muscle activation intensities, transient vertical ground reaction force, and vertical loading 

rates.  

 

Biology of Bone 

 

 The adult skeleton is predominantly made of lamellar bone. Lamellar bone is 

comprised of 20% cancellous bone (spongy bone) and 80% cortical bone (compact bone) 
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[3]. Cancellous bone is located in the metaphysis (ends) of long bones and the center of 

cuboid bones [3]. It undergoes more stress remodeling than cortical bone, undergoes 

more rapid turnover, and is less dense than cortical bone [3]. Cortical bone is located in 

the diaphysis (shaft) of long bones and the outer layer of cuboid-like bone [3] (Fig. 1). 

The periosteum surrounds the cortical bone and provides attachment points for muscles 

[4]. This is also the location where bone modeling occurs to remove damaged bone and 

add new bone to increase the strength and stiffness of the bone due to increased loading 

[4,5]. 

 

 

 
Figure 1: Anatomy of a Long Bone. Cancellous (spongy) bone is located at the proximal and distal epiphysis. Cortical 

(compact) bone is located along the diaphysis [4].  
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 Bone remodeling (turnover) occurs when old bone is in need of repair or if the 

bone is under increased stress levels [4,6,7]. Even without exercise or injury, between 2-

3% of the human skeleton is remodeled annually, replacing old bone with fresh bone [8]. 

Three types of bone cells are involved in bone remodeling: osteoclasts, osteoblasts, and 

osteocytes (Fig. 2).  Bone remodeling begins about five days after altered strain patterns 

begin (stimulation) [9]. First, osteoclasts resorb and destroy the old or damaged bone 

[3,4,6]. This process takes 30-45 days [9]. Around day thirty [9], osteoblasts line the 

same surface of the bone creating the new bone matrix. Once the osteoblasts are in place, 

they mature into osteocytes. These are then surrounded by a bony matrix [3,4,6] (Fig. 2).  

This entire cycle takes about 180 days [9]. During this time, the bone is being resorbed 

and laid down and is more porous, thus reducing bone strength and stiffness [9]. This 

initial removal of bone causes the bone to weaken during the first phase of remodeling 

[9–13]. During this time the bone is at risk for further damage since the new osteons have 

not yet been deposited [9–13]. This causes the cycle to perpetuate until fresh osteons 

have matured [9–13].  

 

 
 

Figure 2: Process of Bone Remodeling. 1) Pre-osteoclasts differentiate to become osteoclasts. 2) Osteoclasts resorb old 

bone. 3) Osteoblasts create the new bone matrix. 4) Osteoblasts mature into osteocytes to create mature bone [4].  
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 Bone modeling (addition of bone to increase the strength and stiffness of bone) 

occurs when bone is placed under additional loading strain [5]. Osteoblasts add new bone 

along the periosteum, thus adding additional bone matrix to the outer diameter of bone 

while removing bone from the inner medullary canal [4]. Previous studies involving birds 

and rats have shown an increase in osteogenic cells within 1 – 5 days of the increased 

loading stimulus [7].  

 Bone modeling is governed by the Carter Daily Stress Stimulus equations (Eqs. 1 

and 2) [14].  

 

 𝜓 = [∑ 𝑛𝑖𝜎𝑖
𝑚

𝑑𝑎𝑦 ]
1/𝑚

       (1) 

 𝜉 = [∑ 𝑛𝑖𝜀�̅�
 𝑚

𝑑𝑎𝑦 ]
1/𝑚

       (2) 

 

 

 Where  

𝝍 is the daily stress stimulus 

𝛏 is the daily strain stimulus 

n is the number of cycles 

𝑖 is the index of loading type 

𝜎 is the magnitude of the cyclic energy stress 

𝜀 ̅ is the magnitude of the cyclic energy strain 

𝑚 is the empirical weighing constant 

 

 The total daily stress stimulus, 𝝍, is a combination of tensile, compression, and 

shear loading of the bone. When the total daily stress stimulus is equal to that of the  

“attractor stimulus” (𝛹𝐴𝑆) there is no bone growth or absorption [14]. There is a region of 
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width (2w) in which little bone apposition/resorption occurs and this is known as the 

“lazy zone” [14]. Stress beyond this region will cause rapid changes in bone resorption 

and apposition [14] (Fig. 3). Bone has an ultimate strength of approximately 25000 µ𝛆 

[15]. However normal loading only reaches approximately 200 – 2500 µ𝛆, less than 10% 

of its ultimate strength [15]. Peak strains greater than 2500 µ𝛆 lead to bone modeling 

[15]. Repetitive strains greater than 4000 µ𝛆 causes increased fatigue damage and places 

the bone at risk for stress fracture [15]. 

 

 
 

Figure 3: Daily Stress Stimulus Equation Governing bone Apposition and Resorption [14] 

 

 

 Bone material behaves like that of wood, metal, and plastic [16]. In the elastic 

strain region, stress is placed on the bone and no deformation occurs (Fig. 4) [3,14]. Once 

in the plastic region, bone deformation occurs as stress increases [3,14]. These stresses 

applied past the elastic range cause micro-fractures [3,14]. Persistent stresses without 

time for the bone to heal and remodel can lead to increased micro-fractures and cortical 

cracking [3,14]. Once these are large enough, the bone fractures and fails [3,14]. The 
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muscle attachment points add additional bending and torsional stresses to place complex 

loading on the bone [17].    

 
 

Figure 4: Stress Strain Diagram for Bone [16]. “Wolff’s law. Graph shows that as stress loading force increases, 

deformity on the structure also increases. As long as force does not exceed amount corresponding to level B, the 

structure will return to its original configuration without evidence of damage (elastic range). Once fatigue level has 

been exceeded, however, further stress produces permanent deformity. Microfactures begin at point C and ultimate 

failure occurs at point D” [16]. 

 

 

Complex Loading of Bone Leading to Stress Fractures 

 

 Repetitive loading and overuse of healthy bone can cause stress (fatigue) 

fractures. Stress fractures occur when the level of bone resorption (osteoclast activity) is 

greater than the level of bone deposition (osteoblast activity) [9–13,18,19]. This damage 

often occurs during an increase in intensity, frequency, or duration of an activity. Stress 

fractures occur primarily in military recruits or active individuals [13,17–22]. These 

individuals often rapidly increase the daily stress stimuli on their bones, thus triggering 

the bone modeling pathways outlined above. If, however, the bone is damaged, the 

damaged bone must be removed, thus weakening the bone before strengthening it. In 
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addition, the training regimens often increase in intensity faster than the bone can 

strengthen itself causing further damage.  

 Complex loads are placed on long bones of the lower limb. The bones are loaded 

in compression due to gravity and the increased forces of an activity. Bone is weaker in 

tension than compression [23], however it is rare that bone undergoes strictly one loading 

modality. Bones are not only placed in tension and compression but also torsion due to 

muscle contractions away from the central axes of the bone [24,25].1 Torsional loading 

also creates transverse and longitudinal shear stresses [23]. Bones also undergo bending 

forces [9,23,26]. However, there is much debate over what specific mode of failure the 

bone undergoes during a stress fractures [23,25,26]. While no two stress fractures are 

alike, it is a combination of complex loading patterns that cause the injury. Various 

loading modalities cause distinct fracture patterns. Oblique fractures are caused by 

compression loading [27] or shear strain loading [27] and transverse fractures are caused 

by tension [28,29]. Torsional loading causes spiral fractures which is caused by muscle 

contraction  [24,25].  

 There are several main theories behind the cause of stress fractures [9,17,28]. The 

first theory holds that muscle weakness or fatigue causes an inability for the muscle to 

absorb the applied load [17]. Muscles are responsible for dissipating loads placed on the 

lower extremity by a combination of concentric and eccentric muscular contractions [30]. 

As muscles fatigue their ability to protect the bones from the dynamic loading is reduced 

[12,30]. This causes the external bending and tensile forces to travel directly to the bone 

[9]. Muscle fatigue also plays a role in stress fractures. Runners alter their running 

                                                 
1 Torsional loads are dependent on the muscle attachment points on the bone. As muscles contract 

concentrically, they place torsional loads on the bone from their attachment points on the periosteum. 
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mechanics as they become more fatigued [9,12]. This causes an increase in ground 

reaction forces and an alteration in alignment, thus increasing the risk of stress fracture 

[9,12].  

 The second theory holds that the muscle pulling on bone causes the complex 

loading and leads to fracture [9,17,28]. These muscles concentrate forces on specific 

bone sites which cannot endure the stresses [28]. The stress fracture is then dependent on 

the bone geometry and density, vascular supply, skeletal alignments, and surrounding 

muscular attachment points [16,28].  

 

Tibial Stress Fractures 

 

 The most common site of stress fractures in runners is the tibia [3,17] and the 

most common location is on the lower posterior third of the tibia [18,28,31]. The tibia is 

located on the medial portion of the leg, distal to the knee (Fig. 5) [4]. The tibia is the 

second longest bone of the body and is the load bearing bone of the lower limb [4]. The 

proximal end of the tibia forms the medial and lateral condyles of the tibia [4]. The tibial 

condyles along with the femoral condyles and patella form the knee joint [4]. The tibia 

connects to the fibula on the lateral side by an interosseous membrane [4]. The soleal line 

is located on the posterior side of the tibia and is the attachment point for the posterior 

lower leg muscles [4].  
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Figure 5: Anatomy of the Tibia [4] 

 

 

 The primary muscles surrounding the tibia include the tibialis anterior (TA), 

soleus (SOL), gastrocnemius medialis and lateralis (GM and GL, respectively), flexor 

digitorum longus (FDL), and tibialis posterior (TP) [4].  Cadaver studies have shown that 

the SOL, FDL, and the deep crural facia (DCF) attach to the posteriomedial section of the 

tibia [32–34]. These muscles have been determined as the cause of medial tibial stress 

syndrome (MTSS) [32–34], which could be a precursor to tibial stress fractures (TSF) 

[9,10,12,33,35,36] (Fig. 6). The majority of TSF are transverse fractures caused by 

tension loading [28,29] or oblique fractures caused by compression loading [27] (Fig. 7). 
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Figure 6: Anterior and Posterior Views of the Lower Limb [4] 

 

 

 
 

Figure 7: Tibial Stress Fracture [37] 

 

 

Tibial Stress Fractures, Medial Tibial Stress Syndrome, and Shin Splints 

 

 The term “shin splints” is used colloquially to cover a number of lower limb 

injuries, such as medial tibial stress syndrome (MTSS) and stress fractures [9]. While the 
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focus of this research is on TSF it is important to note the confusion and overlap of these 

two pathologies. TSF is damage to the bone caused by cyclic loading at a submaximal 

level [9]. MTSS however is a form of periostitis – the inflammation of the bone/muscle 

interface [9,10,17,33,38,39] which can be caused by hyper-stimulation of periosteal 

modelling during excessive loading [9]. Excessive strain causes the deposition of new 

bone along the periosteum along its narrowest cross section in order to increase the 

bone’s strength and stiffness [9]. The increased stimulation triggers the osteocytes to first 

remove the damaged bone and then for osteoblasts to lay down fresh bone [10]. The 

inflammation of the periosteum itself or the hyper-stimulation of the bone muscle 

interface causes MTSS [10]. MTSS can lead to micro-factures of cortical bone [10], but 

this is not always the case At this point, researchers are unsure if microcracks cause the 

periostitis or if the periostitis causes the microcracks [10,39]. This lack of consensus 

causes more debate among researchers, some of whom believe MTSS and stress fractures 

are along the same pathological continuum while others disagree [9,10,12,33,35,36]. 

Causing further confusion, both of these pathologies often occur in the distal two-thirds 

of the tibia in runners and are caused by similar loading patterns [9,10]. Some researchers 

contend that it is possible that some individuals have adequate periosteal modeling or 

muscular support to ensure the damage stops with MTSS and does not progress to a stress 

fracture [9]. Both MTSS and TSF patients experience cortical bone micro-trauma due to 

tensile failure of the osteons when bone is not able to remodel fast enough [10]. 

However, MTSS patients do not experience damage to the lamellae and damage is 

stopped prior to damage to the individual osteons [10]. It has also been noted that bone 

density and bone geometry differ between MTSS and TSF patient groups [10]. MTSS 
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patients experienced reduced bone mineral density at the injury site when compared to 

TSF patients [40].2 Additionally,  MTSS patients have decreased cortical bone thickness 

compared to aerobic control subjects [10]. TSF patients have a further decreased cortical 

bone thickness [10]. This indicates that the failure mechanisms responsible for each of 

these injuries might differ [10].  

 There are two theories behind the cause of MTSS: bending of bone causing the 

hyper-stimulation of the periosteal modeling complex or by traction caused by muscles  

[35]. This is similar to the two theories behind the development of stress fracture: 

inadequate muscle strength to absorb the external loading patterns caused by repeated 

loading [9,12,17,28] or by the muscles pulling on the bone and causing complex loading 

patterns [9,17,28].  

 

Risk Factors for Tibial Stress Fractures 

 

 Risk factors for stress fractures are either intrinsic or extrinsic. Intrinsic factors 

are based on the individual and include age, gender, race, skeletal, muscle, joint, and 

biomechanical factors along with overall fitness [3]. Extrinsic factors include footwear, 

training surfaces, training regimen, and sport/activity [3]. Among the most common 

external causes of stress fractures is increased ground reaction force, loading, and 

pressure [41–46]. This is linked to a rearfoot strike (RFS) pattern [2,44,47], increased 

ankle dorsiflexion [11,48], and increased stride length [49,50] during running. In 

addition, pronation and leg alignment also contribute to the risk of stress fractures 

                                                 
2 Bone mineral density was reduced at both the proximal tibia, at the injury site, and the distal tibia 

in MTSS patients [40]. However only the bone mineral density at the injury site was statistically significant 

than that of the TSF patients [40]. 
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[11,17,21,48,51–53]. While some pronation3 is required for a normal gait cycle (as 

discussed below), excessive pronation increases ground reaction forces along the medial 

lower-limb kinetic chain [55]. This places additional stress on the medial tibia, a common 

site for stress fractures [55]. This excessive pronation causes excessive rotation of the 

tibia and femur [25,55]. Muscles must then work harder to control the pronation, placing 

additional strain on the bone and tendons [55]. Other external causes for stress fractures 

include excessive hip adduction [50–52], excessive hip rotation [50,56], and excessive 

knee stiffness [45,50]. A summary of the external biomechanical causes of stress 

fractures are shown below (Table 1). Since several of these risk factors are mechanical in 

nature, it is possible that a mechanical intervention such as changing shoes or gait 

retraining could reduce these risk factors.  

 
Table 1: Risk Factors for Tibial Stress Fractures 

 

Category Causes Reference 

Kinetics Increased Impact Force [42–45,57] 

Increased Vertical Loading Rate [43,58] 

Sagittal Plane Kinematics Heel Strike / Ankle Dorsiflexion [43,44,47,58] 

Knee / Leg Stiffness [45,59] 

Stride Length [49,50] 

Alignment (Coronal and Frontal 

Plane Kinematics) 

Pronation [17,51,52] 

Hip Adduction [51,52] 

External Hip Rotation4 [60] 

Anthropometrics Tibial Length Inequality [61] 

Fatigue Distance / Number of Loading Cycles [9,61–63] 

 

 

 

 

 

 

                                                 
3 Pronation is a complex motion that combines ankle dorsiflexion, foot eversion and abduction, 

and rotation of the foot about the subtalar joint [54].  

 
4 External hip rotation was measured from 90 degrees of hip flexion and is considered a seated 

static alignment measure and was not impacted by shoes [60].  
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Basic Kinetics, Kinematics, and Muscular Activity of Running 

 

 Running includes several distinct phases (Fig. 8), including a stance phase, swing 

phase, and float phase [55]. Unlike walking, running includes two float phases (both feet 

off the ground) [64]. This causes an increase in swing phase duration and decrease in 

stance phase duration [64]. Running also requires an increase in joint excursion at the hip, 

knee, and ankle [64]. While variations in the initial contact type (rearfoot, midfoot, and 

forefoot strike) vary between runners, the overall mechanics of each phase remain the 

same.  

 

 
 

Figure 8: Running Gait Cycle [65] 

 

 

Stance Phase 

 

 The stance phase itself can be broken into three sections: initial contact to foot 

flat, foot flat to heel-off, and heel-off to toe-off  [55]. Initial contact occurs when the 

lateral heel touches the ground with slight supination of the foot (Fig. 9) [55]. The tibialis 

anterior (TA), gastrocnemius (GAS), and SOL contract, stabilizing the ankle and causing 

tibial acceleration [55]. The stabilization of the ankle allows for weight acceptance and 

energy absorption upon impact [55]. The vertical ground reaction force during initial foot 

contact may be up to 2.2 times the individual’s body weight [55]. Flexion of the ankle, 

knee, and hip help to dissipate the impact force [55]. Along with ankle flexion, the 

subtalar joint (STJ) pronates to assist with shock absorption and weight acceptance [55]. 
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Pronation also allows for increased energy dissipation and increased joint mobility over 

uneven terrain [55]. Hind foot eversion and internal tibial rotation occur along with the 

STJ pronation [55]. The rectus femoris (RF) controls the height of the body’s center of 

gravity during the initial stance phase [55]. The RF also counters knee flexion as the 

impact force travels up the posterior side of the knee joint [55]. The biceps femoris (BiF) 

contracts consistently thru the stance phase and extends the hip as the body moves 

forward  [55]. Hip adductors control lower extremity stability during the entire running 

cycle [55].  

 

 
 

Figure 9: Initial Contact to Flat Foot Phase of the Running Cycle. This portion of the stance phase is characterized by 

hip, knee, and ankle flexion, pronation of the STJ, and rearfoot eversion. This is coupled with activation of the BiF, RF, 

and hip adductors. Figure from [65]. 

 

 

 Once the foot is fixed to the ground, the foot flat to heel-off portion of the stance 

phase begins (Fig. 10) [55]. The RF and BiF continue to stabilize the knee joint as the 

ground reaction force travels upward thru the knee [55]. Ankle dorsiflexion occurs as the 

tibia moves forward [55]. Maximum pronation occurs as the body’s center of gravity 

passes anterior to the stabilizing foot [55]. Once this point has been reached, the STJ 

begins to supinate in the opposite direction to prepare for propulsion [55]. Once the 

center of gravity passes over the stabilizing foot, the body begins to propel itself forward 

[55]. Shortly after maximum pronation, maximum dorsiflexion occurs [55]. The tibialis 

posterior (TP), GAS, and SOL control pronation [55]. The GAS and SOL also control the 
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forward movement of the tibia [55]. The STJ begins to supinate after maximum pronation 

[55]. The pelvis and the opposite leg swing forward [55]. This causes external rotation 

torque of the stance limb [55]. External rotation of the tibia causes supination of the foot 

and the heel rises off the ground [55].  

 

 
 

Figure 10: Flat Foot to Heel-Off Phase of the Running Cycle. This portion of the stance phase is characterized by ankle 

dorsiflexion, maximum pronation of the STJ and subsequent supination, and external rotation of the stance limb 

causing the heel to rise. This is coupled with the activation of the TP, GAS, and SOL. The contralateral leg swings 

forward. Figure from [65].  

 

 

 Heel-off to toe-off begins with the stance foot’s heel rising and the contralateral 

leg swinging forward (Fig. 11) [55]. The stance limb prepares to propel the body forward 

by plantar flexing the ankle [55]. Continued supination of the SJT and external rotation of 

the stance limb occurs at the same time [55]. In addition, the plantar flexion causes a 

lengthening of the stance limb and the center of gravity rises [55]. The contralateral limb 

swings forward and prepares for contact [55]. This portion of the stance phase includes 

the maximum ground reaction force reaching up to 2.8 times the body weight [55]. At the 

end of the stance phase, the GAS and SOL stop contracting and the TA begins 

contracting [55]. Knee and hip extension continue to propel the body forward toward the 

first float phase [55]. The BiF activate to extend the hip and the RF activates to extend 

the knee [55]. At termination of the stance phase, the BiF becomes an active hip extensor 
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rather than stabilizing knee flexors [55]. Concentric contraction of the RF also begins just 

prior to toe-off to maximize knee extension [55].  

 

 
 

Figure 11: Heel-Off to Toe-Off Phase of the Running Cycle. This portion of the stance phase is characterized by ankle 

plantar flexion, supination of the STJ, external and external rotation of the stance limb. Hip and knee extension propel 

the body forward. The contralateral limb swings forward and prepares for contact. This is coupled with activation of the 

TA, BiF, and RF. Figure from [65]. 

 

 

Initial Swing 

 

 Initial swing begins with the first float phase [55] (Fig. 12). Once toe-off occurs, 

the ground reaction force at toe-off causes knee flexion [55]. The RF contracts to resist 

knee flexion [55]. The RF also works with the iliopsoas to flex the hip and propel the 

limb forward [55]. The contralateral limb strikes the ground after the float phase ends and 

hip abductors stabilize the pelvis [55]. Pelvic rotation also pushes the swinging limb into 

abduction [55]. This places the stance leg in external rotation and supination. In the 

swinging leg, the TA activates throughout the initial swing phase and dorsiflexes the 

ankle [55].  This dorsiflexion and knee flexion are essential to ensure foot clearance upon 

landing [55].  
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Figure 12: Initial Swing Phase of the Running Cycle. This is characterized by toe off, knee flexion, hip flexion, and 

propulsion of the body. The contralateral limb strikes the ground. The pelvis rotates to abduct the swinging limb and 

places the stance limb in external rotation and supination. The TA activates to dorsiflex the swinging ankle along with 

knee flexion to allow for landing clearance. This is coupled with activation of the RF and TA. Figure from [65]. 

 

 

Terminal Swing 

 

 The second float phase occurs once the contralateral limb undergoes toe-off and 

the swinging limb is prepared to contact the ground (Fig. 13) [55]. The gluteus maximus 

and RF cause hip extension [55]. The RF along with forward momentum cause knee 

extension [55]. Hip adduction occurs as the swinging leg prepares to contact the ground 

[55]. This brings the femur toward the midline of the body [55]. Hip adductors continue 

to activate to stabilize the lower limb and complete the running cycle [55].  The GAS and 

SOL activate to prepare for ground contact [55]. The TA contracts as well to provide 

stable weight acceptance [55]. The cycle begins again [55]. 

 

 
 

Figure 13: Terminal Swing Phase of the Running Cycle. Contralateral limb undergoes toe-off and swinging limb 

prepares for contact. Hip extension caused by activation of the gluteus maximums and RF. Hip adduction occurs as the 

leg prepares to contact the ground. The GAS, SOL, and TA activate to prepare for ground contact and accept weight. 

Figure from [65]. 
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Variations in Running: Rearfoot and Forefoot Strike Pattern 

 

 While the generic pattern of the running cycle is outlined above, there are 

differences in the kinetics, kinematics, and muscle activation patterns based on the 

running style utilized. Traditionally, runners are grouped as rearfoot, midfoot, or forefoot 

strikers (RFS, MID, and FFS respectively) [66]. RFS initiate ground contact with their 

heel or posterior third of their foot [66]. MID initiate ground contact with either the entire 

sole of the foot or the middle third [66]. FFS initiate ground contact with the front third of 

their foot and do not make heel contact at all [66]. The majority of runners are RFS with 

up to 89% of runners falling into this category [67,68]. This could be due to the increased 

cushioning and thickness on the rear of the shoe which allows for increased comfort 

when RFS [67–69]. It has been noted that distance runners in particular utilize a RFS 

pattern while sprinters utilize a FFS pattern [12].  

 There are various kinetic, kinematic, and muscular differences between the 

various strike patterns. Most researchers have found increased vertical ground reaction 

forces (VGRF) when RFS [67,70–72]. The increased impact forces present in the 

majority of RFS studies indicate that RFS can lead to an increase in tibial loading 

[70,71]. FFS, however, utilize their triceps surae to dampen the impact upon contact and 

the plantar flexion at impact allows the VGRF to be turned into rotational kinetic energy 

reducing the vertical forces on the lower limb during running [67]. One issue that FFS 

encounter is increased pressure under the metatarsal heads of the foot, which could lead 

to stress fractures in the metatarsals if not given enough time to adapt [70].  

 Kinematic variables are also different between RFS and FFS. FFS has been 

associated with increased tibial torsion when compared to RFS [24]. At the ankle, FFS 
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exhibit increased plantar flexion compared to RFS [67,71]. This provides increased 

cushioning and shock absorption and eccentric contraction of the plantar flexors at 

footstrike [71,73]. However, an inability to correctly control foot descent and contact 

during FFS could lead to TSF since the muscles are not able to modulate the loading and 

impact rates [73]. The FFS pattern also exhibits an increased ankle range of motion 

(ROM) [73]. This in turn decreases the hip and knee flexion to minimize the center of 

mass displacement [73]. There is also an increased rearfoot eversion ROM in FFS [67]. 

This could lead to abnormal loading of the lower limb and foot, causing injury [67]. At 

the knee, FFS demonstrated increased knee flexion at initial contact likely due to the 

shorter stride length [67]. The reduction in stride length has been shown to reduce ground 

reaction forces and thus reduce forces placed on the knee and hip [67]. In addition, the 

increased knee flexion also helps to compensate the increased ankle plantar flexion. [71]. 

Increased knee flexion excursion has been found in RFS [71,73]. At the hip, RFS have 

increased ROM during the stance phase [71,73].  

 Muscle activation patterns also vary between RFS and FFS runners. RFS exhibit 

increased TA activation, especially prior to initial contact [70]. FFS have increased 

activation of the plantar flexors to control the speed of dorsiflexion upon impact [67,71]. 

If runners rapidly switch to a forefoot running style without proper training and 

adaptation, injury could occur. These injuries include strain on the plantar flexors and 

tendinopathy [67,71].  

 

Trends in Running Shoes 

 

 A runner can reduce their risk of stress fractures by modifying their running 

kinematics and kinetics, reducing their mileage, or changing their running surface [16].  It 
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is postulated that an easy way to change the kinetics and kinematics of a runner is to 

change running shoes. A brief outline of various shoes on the market are discussed 

below.  

 

Barefoot Running 

 

 With the increasing popularity of barefoot running (BF), the number of articles 

discussing BF and minimalist running shoes have increased [59,69,70,74–80]. BF 

running encourages FFS [81] and is exhibited by a shorter stride length and higher stride 

rate compared to running shod [69]. BF running also has a reduced ground reaction force 

(GRF) when compared to standard shod running [74,82,83]. This is due to the increased 

plantar flexion during the landing phase [59,77,84] suggesting that the impact is absorbed 

by the ankle rather than by the running shoe [59,85]. During BF running, the knee 

exhibits decreased flexion during stance phase, increased flexion during toe off [77,82], 

and increased flexion during heel strike [69]. Overall the knee shows decreased knee 

excursion and stiffness when compared to running shod [59,69]. The knee also exhibits 

decreased knee varus and internal rotation torque when BF. The hip exhibits decreased 

hip rotation and adduction when BF [82]. 

 

Minimalist Shoe Running  

 

 While there is no formal definition for minimalist shoes, they are generally 

characterized by reduced mass, reduced heel-toe drop, and reduced structure [69]. In 

addition they tend to be more flexible and be less restrictive of foot movement [69]. 

Minimalist shoes have an increased forefoot loading compared to standard running shoes 

[41] along with increased plantar flexion [86]. When in minimalist shoes, runners may 
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exhibit a decreased stride length compared to regular shoes in some cases [69]. 

Minimalist shoes also cause a runner to exhibit increased ankle eversion when compared 

to cushioned shoes [86]. The various types and numbers of minimalist running shoes 

have led to conflicting reports about their effect on knee stiffness [86,87]. Minimalist 

running has also exhibited an increase in internal hip rotation compared to standard 

running shoes [86].  

 

Cushioned Shoe Running 

 

 While there are various thickness levels for cushioned shoes, several statements 

hold true. Stiffer shoes (whether stiffer due to wear or stiffer due to the type of insole), 

contribute to increased GRF [84,88,89]. Cushioned shoes also encourage a RFS pattern 

due to the additional heel thickness [67–69]. This leads to an increase in dorsiflexion and 

dorsiflexion moments [90,91]. These strike patterns and the associated increase in 

dorsiflexion lead to an increase in stride length compared to BF running [69]. Cushioned 

shoes also exhibit increased knee flexion during midstance and overall greater knee 

excursion than both minimalist and standard running shoes [86]. Roy and Stefanyshyn 

[91] saw no difference in the muscular activation of the SOL, gastrocnemius medialis, 

rectus femoris, vastus lateralis, and biceps femoris (long head) despite varying the shoe 

stiffness. In general, cushioned shoes are prescribed to those with supinated feet [92].  

Recent emergence of maximalist shoes with an “oversized midsole designed to 

provide additional cushioning and shock attenuation” warrant further study [93]. A note 

must be made here regarding terminology between maximalist (extreme cushioned) and 

normal cushioned running shoes. The phrase “maximalist” is used when the author of the 

current study are using one of the extreme cushioned or maximalist shoes. This is to 
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differentiate between normal cushioned running shoes. The cushioned shoes utilized in 

the current study (Hoka Bondi 5) fall into the maximalist shoe category. These particular 

shoes are discussed more in the Chapter Two.  

 

Stability/Motion Control Shoe Running 

 

 Stability and motion control shoes (S/MC) have a stiff midsole to prevent 

pronation [82,92]. Various types of motion control shoes exist and can fall into either a 

cushioned, standard, or minimalist category. The author is only aware of three studies 

that specifically evaluate the kinetics and kinematics of stability/motion control shoes. 

These studies found a decrease in eversion and eversion ROM compared to cushioned 

shoes [89,94,95].  

 

Neutral Shoe Running 

 

Neutral running shoes have more cushioning than barefoot shoes but do not have 

as much cushioning as maximalist shoes. They lack the pronation control and stability 

features inherit in stability shoes.  

 

Previous Studies 

 

 While the interest in running and running mechanics have only increased over the 

years with the popularity of BF running, few studies have comprehensively covered  

kinetics, kinematics, and muscle activation within the same study (Table 2). Many studies 

include only 1D kinematics focusing on the sagittal plane. While the sagittal plane is of 

importance when regarding ankle dorsiflexion, the frontal and coronal planes are of 

importance when regarding foot pronation and limb alignment. Lower limb alignment is 

key during high cyclic loading and misalignment (pronation, varus alignment, and 
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internal rotation of the knees and hips) may lead to stress fractures. Other studies make 

use of custom-made shoes or do not give adequate descriptions of the shoes used in their 

study [77,86,91,94,96–100]. This makes it difficult to repeat the study or find the best 

commercially available running shoes. The author is only aware of one study that 

combines 3D kinematics, kinetics, and EMG data. However this study only evaluates the 

BF and neutral running conditions [101].  A summary of studies including 3D kinematic 

findings and EMG studies are presented below (Table 2).  

 
Table 2: Previous Running Shoe Studies. Abbreviations: Barefoot (BF), Minimalist (Min.), Neutral (N), Cushioned (C), 

Max (Maximalist),and Stability / Motion Control (S/MC). 2D Kinematics (2D). 3D Kinematics (3D). The goal of this 

thesis is to provide additional information about the areas boxed in red, especially as they relate to tibial stress fracture 

risk.  

 

Shoe Kinetics 2D  3D  EMG Shoe 

Brand/Model 

listed 

Shoe Properties 

Tested/Listed 

 

B.F. [59] [69] 

[70] [74] 

[76] [77] 

[78] [79] 

[82] [101] 

[59] [69] 

[70] [76] 

[77] [79]  

[101] 

[78] [82] 

[102] 

[70][74] 

[76][80] [101] 

N/A N/A 

Min. [41] [69] 

[78] [79] 

[87] [103] 

[104] [93] 

[69][79]  [78] [87] 

[102] [93] 

 [41] [69] [78] 

[79] [87] [103] 

[102] [93] 

[69]  

N [41] [59] 

[69] [74] 

[77] [79] 

[90] [103] 

[101] [104]  

[59] [69]  

[77] [79] 

[90] [101] 

[87] [74] [80] [101] 

[105] 

[41] [80] [87] 

[103] 

[59] [77] [80] 

[90] [105] 

C [59] [84] 

[89]  

[59] [84]  [89]  [89] [59] [84] 

Max. [93] [106] 

[107] 

[106] [93]  [93] [106] [107]   

S/MC [82][89]   [82][89] 

[102] 

[80] [80] [82] [89] 

[102] 

[80] [82] 

 

 

Effect of Shoes on Kinematics, Kinetics, and Muscular Activation as it relates to TSF 

 

 As shown above (Table 2), numerous studies have been performed on various 

running conditions to varying levels of biomechanical detail. This thesis is focused on the 
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kinetics, kinematics, and muscle activation patterns of commercially available shoes as 

they affect known risk factors for TSF. Recall that specific variables of interest for this 

thesis include impact force [42–45,57], heel strike/ankle dorsiflexion [43,44,47,58], 

pronation [17,51,52], and muscle activation patterns. Further details of several of the 

studies presented below can be found in Appendix A.  

 

Barefoot. There are conflicting reports of the changes in kinetic variables upon 

the first attempt of BF running. Several studies report an increase in tibial shock [70] and 

loading rate [78]. However other studies report a decrease in impact force [79,83] and 

loading rate [71]. Various study durations, methods, and equipment for testing could 

account for these differences along with the runners natural strike pattern. BF running is 

generally associated with an increase in plantar flexion [69,71,76,78,79]. BF running has 

also been found to increase ankle internal rotation compared to the minimalist shoe [78]. 

The increase in plantar flexion is caused by increased activation of the plantar flexors. 

Several studies have noted increased activation of the GAS [69,70,83] and SOL [69]. 

However there are conflicting reports discussing the activation of the TA. Several studies 

note a decrease in the activation of the TA [70,80] while others note increased activation 

of the TA [69]. In addition, BF running has been linked to an increase in leg stiffness 

[76].  

 Olin and Gutierrez evaluated the tibial shock and muscle activation during the 

initial transition between shod to BF running [70].5 Subjects ran for three, seven-minute 

                                                 
5 Olin and Gutierrez recruited eighteen runners for their study [70]. All runners were RFS and ran 

at least 20km/wk (12 mi/wk) [70]. Researchers placed surface EMG (Delsys Inc., Boston, MA) on the TA 

and MG [70]. This study utilized an accelerometer (Kistler Instrument Corp., Amherst, NY) and a custom-

built electrogoniometer [70]. Subjects performed a five-minute warm-up on a stationary bike before 

running on a treadmill (Trackmaster, Mountain View, CA) at a self-selected speed [70]. 
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sessions: shod (shoe brand and model not given) with their typical RFS pattern (S-RFS), 

BF with their typical RFS pattern (BF-RFS), and BF with a forefoot strike (FF) pattern 

(BF-FFS) [70]. Olin and Gutierrez found that the greatest tibial shock was found in BF-

RFS [70]. However, there was no statistically significant difference between the tibial 

shock of S-RFS and BF-FFS [70]. TA activation was greatest in the S-RFS, followed by 

the BF-RFS, and finally the BF-FFS condition [70]. MG activation was greatest in both 

BF conditions followed by the S-RFS [70]. The increased tibial shock in the BF-RFS 

conditions indicated that the initial transition to BF running can cause an increased risk of 

overuse injuries [70]. The authors stated that the differences in tibial shock indicated that 

runners should use caution until they have adapted the new FFS technique associated 

with BF running [70]. The decreased time to peak shock in the BF-RFS conditions 

compared to the other conditions were likely caused by the lack of shock attenuation 

found in shoe cushioning and FFS pattern [70]. The forces from the strike then traveled 

up the kinetic chain more quickly when BF [70]. The decreased time to peak shock in the 

BF-RFS condition indicated an increased vertical loading rate [70]. This increased 

vertical loading rate can lead to an increased risk of stress injuries if the impact is not 

dissipated [70]. The increased TA activity in the S-RFS position indicates the increased 

dorsiflexion of the ankle during S-RFS [70]. The heel padding and RFS require further 

dorsiflexion of the foot in order to clear the ground when running shod [70]. However 

increased TA activity while S-RFS could cause increased TA fatigue and further injuries 

often seen in heel strikers [70]. The increased activation of the MG during BF was likely 

since the subjects were all RFS and their bodies had adapted to this activity [70]. The MG 

may have been active for longer bursts of activity during barefoot conditions [70]. This is 
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indicated by the increased EMG activity but no significant increase in the peak EMG 

activity [70]. This indicates that the firing of the muscle was less efficient [70]. The 

decreased efficiency can also lead to muscle overuse injuries [70]. Olin and Gutierrez 

[70] concluded that the transition from S-RFS to BF-FFS requires that the runner be 

informed of the correct technique and ensure that the leg is able to properly absorb the 

loads upon impact [70]. Disregard for this information could lead to stress injuries [70]. 

 Divert et al. evaluated the muscular and mechanical differences of BF and shod 

running [83].6 Subjects had a decreased vertical ground reaction force when BF 

compared to shod [83].  The authors also found that the pre-activation of the SOL and 

GAS increased when BF [83]. The authors noted that the decrease in stride time and 

increase in stride rate was likely an attempt to decrease the impact force [83].  The 

authors noted that sustained treadmill running could have caused runners to reduce the 

impact peaks compared to other studies when running over ground [83]. It is likely that 

subjects transitioned toward a FFS technique as exhibited by reduced impact forces and 

increased pre-activation of the plantar flexors [83]. The authors concluded that the 

reduced peak impact as well as increased stride rate could enhance the energy storage in 

the ankle extensors while BF [83].  

 Strauts et al. evaluated the changes in kinematics and muscle activations when 

habitually shod RFS attempt BF running [101]. The goal was to determine if these 

                                                 
6 Divert et al. recruited thirty-five runners for this study [83]. All runners exhibited a RFS pattern 

[83]. This study utilized a treadmill dynamometer (ADAL 3D, HEF-Tecmachine, Andrezieux-Boutheon, 

France) and EMG (Noraxon, Scottsdale, AZ) [83]. Researchers placed surface EMGs on the TA, peroneous 

(P), SOL (S), and GM and GL [83]. All subjects ran on the treadmill at 3.33 m/s both BF and in a neutral 

running shoe (brand and model not listed) for four minutes [83]. 
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changes persist after returning to shod running after 30 minutes of BF running [101]7. 

Subjects ran on a treadmill (FQTM250, Fitquip, Australia) at a self-selected pace: five 

minutes shod, followed by three, ten-minute intervals of BF running, and finally five 

minutes shod [101]. Strauts et al. found no significant changes in ankle angle at footstrike 

between the shod-pre condition and all BF time segments [101]. During the BF portion of 

the study, there was a non-significant but slight decrease in ankle dorsiflexion [101]. 

However once the subjects returned to the shod condition, the ankle was significantly 

more dorsiflexed than the BF time segments [101]. Strauts et al. also found decreased 

activation of TA, SOL, VM, GL, and BiF when BF [101]. These muscular trends 

persisted in the second shod running condition [101]. The decreased activation of the TA 

was seen during pre-activation and initial contact [101]. The decreased activation of GM 

and GL, VM, and BiF were seen during push off [101]. While there were slight 

differences between the two shod conditions ankle dorsiflexion angles, these changes 

were not significant [101]. This finding suggests that kinematic adaptations occurred 

proximally (see Appendix A for full details) [101]. These results could also be due to a 

soft treadmill; more significant changes could be possible on harder surfaces or an 

increase in study duration [101]. The TA had decreased muscle activation throughout the 

gait cycle [101]. This indicates possible early changes to the footstrike pattern [101]. 

Despite the lack of statistically significant changes, the authors concluded that a gradual 

transition FFS pattern is possible during 30 minutes of BF running [101]. The authors 

                                                 
7 Strauts et al. recruited six RFS runners for this study [101]. A fourteen-camera motion capture 

system (Motion Analysis Corp., California, USA) and surface EMGs were utilized for this study [101]. 

EMGs were placed on the tibialis anterior (TA), medial and lateral gastrocnemius (GM and GL), vastus 

lateralis and vastus medialis (VL and ML), biceps femoris (BiF), and rectus femoris (RF) [101]. Subjects 

performed maximum voluntary contractions (as per [108]) to determine maximum muscle strength before 

the trials [101]. Subjects ran BF and in neutral running shoes (Asics Gel Kanbarra 5,Asics, Chūō-ku, Kobe, 

Hyōgo Prefecture, Japan) [101]. 
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also stated that some of the kinematic and muscular changes persist after 30 minutes of 

BF running and a return to shod running [101]. 

 Shih et al. evaluated the effects of various strike patterns while BF or shod [71]. 

The authors also wanted to determine if it is strike pattern or actual BF running that gives 

the benefits of BF running [71]. Shih et al. recruited twelve habitually shod, RFS for this 

study [71]. Subjects ran under four conditions: 1) barefoot while rearfoot striking (BF-

RFS); 2) barefoot while forefoot striking (BF-FFS); 3) shod while rearfoot striking (S-

RFS); and 4) shod while forefoot striking (S-FFS) [71].8 The FFS pattern decreased the 

loading rate when both BF and shod [71]. BF-RFS generated loading rates higher than S-

RFS [71]. The authors noted that continual BF-RFS could lead to injury [71]. Kinematics 

were affected by landing pattern as well as running condition (shod or BF) [71]. Authors 

also noted that ankle angle was affected by strike pattern and that FFS was associated 

with an increase in increased plantar flexion [71]. Prior to foostrike and during stance 

phase there was increased activation of the GAS when FFS [71]. However excessive 

loading of the GAS could cause injuries [71]. The use GAS for training and for 

cushioning during running but may also cause tendonitis in the posterior tibialis or 

Achilles if training is excessive [71]. When evaluating shod runners with FFS they 

exhibited an over stride (increased distance from landing point to vertical projection of 

COM) [71]. An increase in stride length with FFS causes larger external momentum [71]. 

This suggests that runners may need time to adapt to FFS pattern [71]. Shih et al. 

                                                 
8 Subjects were provided the same brand and model of running shoes [71]. Subjects performed one 

minute of running followed by two minutes of rest following each trial [71]. A high speed video camera 

(brand and model not listed) was used to capture footstrike pattern [71]. Ten Vicon Cameras were used 

along with the Plug-In Gait marker set to track kinematics [71]. Four load cells (Delta Transducer, India) 

were placed under the treadmill [71]. EMGs (Biopac) were placed on the RF, TA, BiF, and GAS [71]. 



30 

 

concluded that strike pattern was more important than the running condition (shod or BF) 

[71]. The S-FFS showed an increase in shock absorption while BF-RFS places the 

individual at increased risk for injury [71]. The FFS pattern also allowed for increased 

lower extremity compliance [71]. However care must be taken when adapting to the FFS 

pattern [71]. FFS causes increased activation of GAS which places greater load on the 

muscle which could lead to injury [71].  

 Von Tscharner et al. evaluated the intensity of EMG signals in the tibialis anterior 

(TA) during RFS while shod and BF [80].9 Von Tscharner et al. found increased TA 

activity before heelstrike in both shod conditions [80]. The authors also found increased 

TA activity after heelstrike when barefoot [80]. Von Tscharner et al. concluded that the 

increased TA activity pre-strike caused forefoot elevation and initiated muscle tuning for 

impact [80]. The TA muscle activity decreases throughout the stride to allow for firing of 

medial and lateral gastrocnemius [80]. The gastrocnemius then stiffens the ankle for toe-

off [80]. 

 Fleming et al. examined immediate muscular, kinetic, and kinematic effects of 

barefoot (BF) running on novice BF runners [76].10  Fleming et al. found an increase in 

ankle dorsiflexion at the initial contact between shod and BF conditions [76]. During pre-

                                                 
9 Von Tscharner et al. recruited forty male runners for this study  [80]. All subjects ran at least 25 

km/wk (15 mi/wk) [80]. This study utilized EMGs (Noromed Inc., Seattle, WA, USA) and a force plate 

(Kistler Instrumente AG, Winterthur,Switzerland) [80]. Researchers placed EMGs on the tibialis anterior 

(TA). Subjects ran in three running conditions: barefoot (BF), in neutral shoes (Adidas, model not listed), 

and in stability shoes (Adidas Super Nova, Adidas, Herzogenaurach, Germany) [80]. Subjects ran across a 

30m runway at 4.0 m/s with a RFS pattern [80]. 

 
10 Fleming et al. recruited ten male runners with no previous BF or minimalist shoe experience for 

this study [76]. This study utilized the subject’s normal running shoes [76]. The study also utilized a high 

speed camera (Panasonic 3CCD, Kadomma Japan), a treadmill (Proform 700, ZLT) with an embedded 

force plate (Kistler, Winterthur, Swizerland), and EMG (Trigno wireless system; Delsys Inc, Boston, MA) 

[76]. Researchers attached EMGs to the RF, vastus lateralis (VL), BiF, GM, GL, and TA [76]. Subjects ran 

at three velocities for this study: 3.13 m/s (V1), 3.80 m/s (V2), and 4.47 m/s (V3) [76]. Subjects had a five-

minute recovery period between running velocities. Gait type was not instructed (RFS, Mid, or FFS) [76]. 
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activation of the gait cycle, the authors found increased activation of GM at V1 and V3 

when BF, increased activation of GL at all velocities when BF, as well as decreased 

activation of the TA when BF at V1 and V2 [76]. Fleming et al. concluded that 

kinematic, muscular, and spatiotemporal variables were altered in as little as 30 seconds 

of BF running [76]. These changes led to increased ankle ROM, reduced knee ROM, and 

reduced hip ROM during absorptive phase [76]. Running BF resulted in increased ankle 

plantar flexion to create a FFS pattern [76]. This led to reduced impact and high loading 

rate found with RFS pattern [76]. The increased activation of the GM and GL coupled 

with the reduced activation of the TA led to increased plantar flexion during landing [76]. 

Kinematic ankle plantar flexion was consistent across velocity, which suggested lower 

velocity is better for transitioning to BF running since it places less force on the tibia 

[76]. Fleming et al. concluded that EMG and joint kinematics change in as little as 30 

seconds of BF running and are mostly independent of velocity [76]. However, tibial 

shock was higher during BF running at all speeds that indicate that these changes did not 

appear to change lower limb stresses [76].  

 In summary, BF running when done properly with reduced loading and FFS 

pattern can reduce the risk of TSF. However this transition to FFS must be gradual to 

ensure that muscles have time to develop [71] and ensure they do not cause MTSS or 

TSF. While Strauts et al. noted differences (though non-significant) in kinetics and 

kinematics after 30 minutes of BF running, a single bout of BF training is not enough to 

transition to the BF or FFS pattern [101]. Recall that the bone modeling process (from 

initial resorption of damaged osteons to initial deposition of osteoblasts) takes between 
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30-45 days [9]. An increase beyond the “lazy zone” of bone apposition/deposition can 

cause bone fracture [14].  

 

Minimalist. There are also conflicting reports of the changes in kinetic variables 

in minimalist shoes. Several studies note an increased peak vertical impact force [104] 

and loading rate [87,104] compared to neutral shoes while others note a decreased 

instantaneous loading rate compared to neutral shoes [78]. There are also conflicting 

reports of the changes in kinematic variables in minimalist shoes. Several studies have 

noted that minimalist shoes have also been associated with increases in plantar flexion 

compared to neutral shoes [78,79] while others report decreased plantar flexion [87]. 

However it is most likely that these variables change based on the type of shoe and its 

construction [69]. Minimalist shoes have been shown to decrease ankle external rotation 

compared to BF [78].  

Logan et al. evaluated changes in ground reaction forces when NCAA Division I 

athletes ran in various training and racing shoes [104].11 Logan et al. found that males 

and females responded differently in the shoes [104]. Males had a decreased vertical 

stiffness in the spikes compared to neutral [104]. In addition males had an increased peak 

vertical impact force and loading rate in the flats and spikes compared to the neutral 

                                                 
11 Logan et al. recruited twenty NCAA Division I track and cross country athletes [104]. Logan et 

al. utilized a force plate (Kistler, Amherst NY) implanted on an indoor track for their testing [104]. 

Subjects ran in neutral shoes (Nike Air Pegasus), racing flats (Nike Air Zoom Waffle Racers), and distance 

spikes (Nike Zoom Milers) [104]. The neutral shoes are described as having a soft midsole while the racing 

flats were lighter and had a firmer midsole [104]. In addition the racing flats had less cushioning and did 

not have any motion control features [104]. The distance spikes were described as having a firm outsole 

with plastic, a stiff midsole, and an EVA wedge on the outside for cushioning along with minimal rubber 

[104]. The distance spikes also lacked motion control features [104]. During testing the subjects performed 

a warmup and then ran at either 5.7 m/s (females) or 6.7 m/s (males) [104]. Shoe order was randomized 

[104]. 
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shoes [104]. The males experienced an increased loading rate and peak vertical impact 

due to the smaller heel on the spikes and flats [104]. This causes increased acceleration of 

the foot at impact and provided less shock absorption [104]. The combination of 

increased loading rate, vertical ground reaction force, and stiffness in spikes and flats 

could cause overuse injuries if runners are not properly trained and transition gradually 

[104]. Gradual transition is necessary to allow the body time to adapt to the increased 

stresses [104].  

 Willy and Davis evaluated the differences in running mechanics between 

cushioned shoes and minimalist shoes in novice minimalist shoe runners [87]. The 

authors also evaluated if adaptations are possible in one, ten-minute running session 

[87].12 Willy and Davis found that minimalist shoes showed an increased dorsiflexion, 

increased vertical impact, and increased vertical loading rate compared to the neutral 

shoes [87]. At the end of the ten-minute running session the authors also found that the 

subjects experienced decreased dorsiflexion, decreased foot inclination at footstrike, 

increased vertical impact peak, increased average vertical loading rate in both shoe 

conditions [87]. Willy and Davis concluded that the increased knee flexion and decreased 

ankle dorsiflexion in the minimalist shoe condition could have been a compensation 

mechanism to reduce impact forces [87]. However, it was unclear why foot inclination 

did not change (location relative to ground) but increased dorsiflexion (relative to shank) 

                                                 
12 Willy and Davis recruited fourteen male runners for the study [87]. All subjects were RFS and 

ran at least 16 km/wk (10 mi/wk) [87]. This study utilized a neutral (Nike Pegasus, Nike, Beaverton, OR) 

and minimalist (Nike Free 3.0, Nike, Beaverton, OR) shoe [87]. This study utilized a motion capture 

system (number of cameras not noted) (Vicon, Oxford, UK) and an instrumented treadmill (AMTI, 

Watertown, MA) [87]. Additionally, the study utilized an MTS Qtest 10 Elite load frame (Cary, NC) to 

measure the shoe stiffness [87]. All subjects ran on the treadmill at 3.35 m/s for 10 minutes in each shoe 

type [87].  
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was present [87]. The authors noted that this could be due to the fact that foot inclination 

is better at discerning if there is a RFS pattern [87]. If this is the case, then foot 

inclination indicated that a RFS pattern occurred in the minimalist shoe [87]. The RFS 

pattern coupled with the decreased amount of cushioning in minimalist shoes, caused the 

increased impact loading [87]. These two factors together, if not corrected, can lead to 

running injuries [87].  

 Sinclair et al. evaluated the 3D kinematic and kinetic differences found while BF 

running, running in minimalist shoes, or running in traditional neutral running shoes [78]. 

The goal was to determine if the minimalist shoe kinematics mimicked the kinematics of 

BF running [78].13 Sinclair et al. found that there was increased instantaneous and 

average loading rates in the BF running conditions compared to the neutral running shoes 

[78]. The authors found that the instantaneous loading rate was greater in BF running 

than minimalist running [78]. However, the minimalist shoe showed no significant 

difference than the BF condition when evaluating the average loading rate [78]. The 

authors found that ankle plantar flexion was greatest in the BF running condition, 

followed by the minimalist running condition, then the neutral running shoe [78]. 

Furthermore, the ankle external rotation was greater in the BF condition compared to the 

minimalist condition [78] The authors noted that the increased ankle plantar flexion in 

barefoot running indicates Mid or FFS pattern [78]. The authors stated that the increased 

                                                 
13 Sinclair et al. [78] recruited twelve male RFS runners for this study. All subjects ran at least 30 

km/wk (18 miles/wk) [78]. This study utilized an eight-camera motion capture system (Qualisys Medical 

AB, Goteburg, Sweden), force plate (Kistler, Kistler Instruments Ltd., Alton, Hampshire, UK), and tri-axial 

accelerometer (Biometrics ACL 300, Gwent, UK) [78]. Subjects ran in three running conditions: BF, in 

minimalist shoes (Nike Free 3.0, Nike, Beaverton, OR), and in neutral shoes (Saucony Pro Guide 2, 

Saucony, Lexington, MA) [78]. Subjects ran across a 22 m runway at 4.0 m/s for each trial. Gait type was 

not instructed (i.e. RFS, Mid, or FFS) [78].   
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cushioning of traditional shoes indicate that the shoes absorb the loading and provide 

shock attenuation and ensures that the body does not need to adapt [78]. However, 

minimalist footwear does not show the same increase in plantar flexion as shown in BF 

running [78]. Sinclair et al. concluded that this is likely due to the cushioning in the shoe 

relieving the body’s shock attenuating requirements [78].14 Sinclair et al. concluded that 

the running kinematics between true BF running and minimalist shoe running is indeed 

different for their selected minimalist shoe [78].  

 Squadrone and Gallozzi performed a study analyzing the kinematics, kinetics, and 

metabolic cost of running in habitual BF runners [79]. The authors utilized the Vibram 

Fivefingers (VF) minimalist shoe along with a neutral shoe (brand and model not listed) 

and compared the results to BF running [79].15 Peak impact force increased and pressure 

under the heel, midfoot, and hallux increased in the neutral shoes [79]. The VF had an 

increased propulsive force and increased pressure under the toes [79]. Subjects had 

increased plantar flexion when BF and VF. Ankle ROM also increased in VF compared 

to the neutral shoe [79]. The VF mimicked the BF condition by decreasing the vertical 

impact force compared to neutral shoes [79]. In addition to mimicking the kinetic 

variables of BF running, the kinematic variables in the VF condition were also similar to 

                                                 
14 While no differences were noted in ankle eversion during their study, Sinclair et al. noted 

previous studies found an increase in ankle eversion when running shod [54,109–112]. The reduced 

stability in the shod running condition is likely caused by the cushioned midsole [54]. Sinclair et al. stated 

that the stiff heel counters, stiffer cushioning, insole boards, medial posted midsoles, and varus wedges 

present in both the traditional and minimalist shoe likely caused the reduced eversion [78]. 

 
15 Squadrone and Gallozzi recruited eight experienced BF runners for this study [79]. Each 

received a pair of the VF and neutral shoes ten days before the collection to become accustomed [79]. 

During the collection subjects ran on an instrumented treadmill (Zebris FDM-T; Zebris Medical GmbH, 

Isny, Germany) for six minutes in each running condition [79]. Subjects ran at 12 km/hr and footstrike was 

not instructed [79]. A video camera (SVHS, Sony) was used for sagittal plane kinematics[79]. VO2 max 

and heart rate were measured with the K4B2 metabolic system (Cosmed srl, Rome, Italy) [79]. 
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BF [79]. This showed an increase in plantar flexion compared to the neutral condition 

[79]. The authors concluded that the VF seem to mimic BF running while allowing for 

minimal protection of the feet [79]. However the results of this study be reviewed with 

caution for the recreational shod runner. These results were specific to habitual barefoot 

runners who most likely had an increased ankle plantar flexion angle at footstrike 

compared to most recreational runners.  

 Squadrone et al. evaluated the effectiveness of multiple “minimalist” shoes to 

determine how well they mimic BF running [69]. The authors noted that there are no hard 

guidelines on what determines if a shoe falls into the minimalist category and this leads 

to varying results depending on the shoe that it studied [69]. Six minimalist shoes were 

used in this study: 1) Newton Running MV2; 2) New Balance MR002GBN; 3) Nike Free 

3.0V4; 4) Inov8 Bare-X; 5) Vibram FiveFingers (VF) Seeya; 6). Saucony Kinvara2. In 

addition an “cushioned stability shoe” (Saucony ProGrid Guide) was also used as a 

reference [69].16 The results showed that among the minimalist shoes there was a wide 

range of mass, heel-toe drop, stack height at the heel and toe, flexibility, and shock 

absorption properties [69]. The authors noted that the subjects retained their RFS 

condition in all footwear conditions but shifted toward a more forefoot strike in less 

cushioned models [69]. The Nike Free, Saucony Kinvara, and Newton Running shoes 

had more posterior strike compared to the Inov8, New Balance, VF [69]. The authors 

concluded that the minimalist models behaved differently with some more effective at 

                                                 
16 Squadrone et al. recruited fourteen runners for this study [69]. All ran more than 28 mi/wk (45 

km/wk) and had trained in minimalist shoes [69]. All runners were rearfoot strikers (RFS) [69]. The authors 

used a motion capture system (BTS Smart-E, BTS Bioengineering, Milan, Italy) and instrumented treadmill 

(Zebris FDM-T, Germany) to measure kinematics and kinetics respectively [69]. Subjects ran at their 

preferred cadence and footstrike pattern in each pair of shoes [69]. Subjects ran on the treadmill for three 

minutes at 3.33 m/s [69]. Shoe order was randomized [69]. The shoes were also measured and 

mechanically tested [69]. 
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mimicking BF running than others [69]. The VF, New Balance, and Inov8 were most like 

the BF condition [69]. Strike pattern was influenced by the shoe construction [69]. While 

RFS was maintained throughout the study, some models of shoes elicited an increase in 

plantar flexion [69]. A more posterior strike pattern was observed in the Newton, 

Saucony, and Nike shoe [69]. These shoes had greater stack heights than the others [69]. 

This cushions the heel upon impact and decreased the pain upon landing and has 

increased shock absorption properties [69]. In addition, shoes with greater heel heights 

showed greater knee extension at footstrike [69]. The knee acts as a shock absorber and 

can help regulate leg stiffness [69].  

 There are many types of minimalist shoes designed to mimic BF running [69,79]. 

The effectiveness of these shoes at simulating BF running depends on the shoe 

construction as well as the individual’s strike pattern [69,79]. If the individual maintains 

a FFS pattern (as noted in Squadrone and Gallozzi’s study [79]) and the shoe stack height 

is low [69], it may be possible to reduce the risk of TSF by changing shoes. This will 

reduce the impact force and reduce ankle dorsiflexion. However, RFS or those in shoes 

with high stack heights may instead have increased impact forces and dorsiflexion 

[69,87,104] and thus increase their risk of TSF.  

 

Stability and Maximalist Shoes. Fewer studies have been performed on stability 

and maximalist shoes. Stability shoes have been shown to reduce the rate of navicular 

drop (a measure of pronation) compared to minimalist and BF [102]. Stability shoes have 

also been shown to reduce ankle eversion compared to cushioned shoes [89]. Cushioned 

shoes result in decreased instantaneous loading rate compared to stability shoes for high 
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arched runners [89]. Cushioned shoes have also been shown to reduce lower limb 

stiffness and tibial acceleration compared to stability shoes [89].  

 Butler et al. evaluated the interaction of footwear and arch type on loading and on 

rearfoot (RF) mechanics [89].17 Butler et al. [89] found that high arched runners 

experienced a reduction in the instantaneous loading rate in the cushioned shoe. 

However, low arched runners experienced an increase in instantaneous loading rate in the 

same cushioned shoes [89]. Both arch types showed reduced tibial acceleration in 

cushioned shoes as well as a decrease in lower limb stiffness [89]. In addition, both arch 

types experienced decreased ankle eversion and eversion excursion in motion control 

shoes [89]. Butler et al. concluded that it was better to match individuals to shoes based 

on running mechanics rather than arch type [89]. The authors stated that cushioned shoes 

are ideal for those who have high tibial shock upon impact regardless of arch type [89]. 

Butler et al. also stated that motion control shoes are ideal for those who have high rear 

foot eversion regardless of arch type [89].  

 Hoffman et al. utilized bi-plane x-ray imaging and model based tracking to 

measure navicular drop (ND) in various running shoes [102]. The navicular bone is a part 

of the ankle [114] and can be used as an alternative way to measure pronation [102]. The 

goal of this study was to measure static and dynamic changes in ND in various shoes as 

                                                 
17 Butler et al. recruited twenty high arched and twenty low arched runners for their study [89]. All 

subjects ran at least 16 km/wk (10 mi/wk) [89]. The Arch Height Index (AHI) measurement system (based 

on [113]) was used to ensure each subject was placed in the correct category [89]. The study Butler et al. 

utilized an eight-camera motion capture system (VICON, Oxford Metrics, London, England), a force plate 

(Bertec, Worthington, OH), and a uniaxial accelerometer (PCB, Peizotronics, Depew, NY) [89]. Subjects 

ran along a 25m runway at a self-selected pace [89]. Subjects performed running trials in both a motion 

control shoe (New Balance 1122MC, New Balance, Boston, MA) and a cushioned shoe (New Balance 

1022 NC, New Balance, Boston, MA) [89]. 
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well as measure changes in ND while BF and shod [102]18. Hoffman et al. saw no 

changes in radiographic ND between the two shoes however there was a decrease in the 

rate of ND in the motion control shoes [102]. The authors noted however that this could 

be because the subjects in this study did not have a wide FPI range [102].  

 With the recent development and popularity of maximalist shoes, studies are 

beginning to emerge discussing the effects of these shoes on kinetics and kinematics. 

While several studies are listed below, two of them are abstracts from conferences and 

follow up studies are warranted [106,107]. In the study by Cheung et al. the authors 

analyzed average and instantaneous vertical load rates (VALR and VILR, respectively) of 

maximalist (Clifton 3, Hoka) and traditional neutral (Adizero Boost, Adidas) shoes while 

runners were on level ground and a 10% decline [106].19 The authors found no change in 

VILR or VALR between the neutral and maximalist shoes at either the level or declined 

angle [106]. The authors also found no change in footstrike angle at contact in either 

running or ground condition [106]. Similar findings were made by Ruder et al. [107]. The 

authors evaluated the effects of maximalist (Stinson, Hoka One One) and neutral (Nike 

Air Pegasus) on tibial accelerations [107].20 Ruder et al. found that tibial acceleration in 

                                                 
18 Hoffman et al. recruited twelve subjects for this study [102]. All subjects ran more than 

40km/wk (25 mi/wk) [102]. The runners were categorized as “highly supinated,” “supinated,” “normal”, 

“pronated”, or “highly pronated” according to the foot posture index (FPI) [102].  Subjects ran in 

minimalist (Nike Free) and motion control (Nike Zoom Structure) shoes as well as BF [102].  Prior to the 

dynamic running assessment, CT scans were taken of the foot [102]. Subjects performed a fifteen minute 

treadmill warmup before the running trials [102].  The x-rays were taken during the stance phase of over 

ground running in the two shod and barefoot conditions [102]. The static CT scans were then reconstructed 

and the motion of the foot tracked using the dynamic x-ray images [102]. 

 
19 Cheung et al. recruited twelve runners to run on an instrumented treadmill at a 0 degree and -10 

degree incline.  

 
20 Ruder et al. recruited seven runners for their study, all of whom ran at least 16 km/wk (10 

mi/wk) [107]. A triaxial accelerometer (IMeasureU, Auckland, NZ) was strapped to the distal tibia [107]. 

Subjects performed a three-minute warm up on a treadmill at a self-selected pace in the neutral shoes [107]. 
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the vertical, medial, lateral, and posterior directions were increased in the maximalist 

shoes [107]. Furthermore the authors found that the vertical tibial acceleration may have 

a moderate correlation with VALR [107]. 

Sinclair et al. compared the effects of maximalist (Hoka One One), minimalist 

(Vibram FiveFingers), and neutral (New Balance 1260) shoes on kinetics and kinematics 

of RFS runners [107].21 Since the effects of minimalist shoes have already been discussed 

in detail above the focus of this summary will remain on the maximalist shoes.22 The 

authors saw no differences between the maximalist and neutral shoes [107]. While there 

was a slight increase in VILR and peak tibial acceleration in the maximalist shoes 

compared to neutral these did not reach statistical significance [107]. This suggest that 

despite the increased midsole thickness and cushioning, maximalist shoes may not reduce 

risk factors related to impact injuries [107].  

Pronation is a risk factor for TSF that may be easily corrected by changing a pair 

of shoes. The studies by Hoffman et al. [102] as well as Butler et al. [89] suggest that 

shoes can affect the rate of pronation and/or the peak eversion of the ankle. While 

pronation is only one risk factor for TSF, further investigation of types of stability/motion 

control shoes are warranted to determine the most effective method of reducing 

                                                 
Following the warm-up 20 consecutive footstrikes were collected in the neutral shoe for data analysis 

[107]. This was repeated for the maximalist shoes [107].  
 
21 Sinclair et al. recruited twelve RFS runners for their study [107]. All subjects ran over a force 

plate (Kistler, Kistler Instruments Ltd., Alton, NH) at 4.0 m/s ± 5% [107]. Shoe condition was randomized 

[107]. An eight camera motion capture system (Qualisys Medical AB, Goteburg, Sweden) was used to 

track motion [107]. An accelerometer (Biometrics ACL 300, Gwent, United Kingdom) was also used to 

measure tibial acceleration. The device was placed on the distal tibia above the medial malleolus [107].  
 
22 The authors found an increase in VILR in the minimalist shoes compared to neutral and the 

maximalist shoe [107]. There was also an increase in peak tibial acerbation in the minimalist shoe 

compared to the other two conditions [107]. The authors found that there was significantly more ankle 

plantarflexion in the minimalist shoe compared to the other two conditions [107]. The peak internal rotation 

was also greater in the minimalist shoes compared to the neutral shoe [107]. 
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pronation. However the use of maximalist shoes should be done with caution – the 

increase in heel stack height could cause an increase in dorsiflexion does not appear to 

change vertical impact forces [93,106,107]. Further investigation is needed on various 

models of maximalist shoes to determine the effects of varying midsoles and cushion 

thickness. 

 

Motivation 

 

 While the kinetics and kinematics of running have been well documented in the 

sagittal plane, few studies have included transverse [82] and coronal planes [89,94,95]. 

Only three studies [88,91,96] have included EMG. However, these three studies utilized 

custom-made shoes or did not provide the shoe manufacturer. Chambon et al. [88] 

classified their shoes by having a viscous, elastic, or intermediate insole. Roy and 

Stefanyshyn [91] tested one type of shoe which was modified with various carbon fiber 

inserts to increase the shoe stiffness. The study by Bentley et al. [96] qualified their shoes 

by the height of the shoe drop but did not list any other shoe specifications. Numerous 

studies recorded the shoe stiffness but did not discuss how the shoes stiffness influenced 

their findings.  

 Since there is a clear link between stress fractures and kinematics, kinetics, and 

muscular activation, studies that analyze multiple factors within the same group of 

runners while wearing different footwear should be conducted. This thesis represents one 

step toward a better holistic understanding of the interplay between common running 

footwear and the impact they can have on the running mechanics and muscle activation 

patterns that lead to tibial loading. While no two runners are alike, care must be taken to 



42 

 

ensure that each runner is in the correct shoe for their plantar shape, bone geometry, 

muscle strength, running style, and training goals.  

 

Objective 

 

 The objective of this study is to determine how various running conditions 

(barefoot, minimalist shoes, neutral shoes, maximalist shoes, and stability/motion control 

shoes) affect the kinetics, kinematics, and muscle activation of runners. The specific 

focus will be on the kinematics of the ankle and the muscle activity of the plantar and 

dorsiflexors since the reaction forces here will travel up the kinetic chain. Furthermore 

specific plantar flexors have been linked to MTSS [32–34]. There were two groups of 

runners analyzed – rear foot strikers (RFS) and forefoot/midfoot strikers (FFS/Mid). The 

category was determined based on how the subject ran in the neutral shoe (Nike 

Pegasus). Since it is known that these runners have inherently different running 

kinematics and kinetics, each group will be analyzed separately. Three main variables of 

interest were identified that have been previously linked with tibial stress fracture risk:  

1) Kinetics  

a) Transient vertical ground reaction force [42–45,57] 

b) Vertical instantaneous loading rate [43,58] 

2) Kinematics of the ankle 

a) Ankle dorsiflexion at initial foot contact [43,44,47,58] 

b) Maximum ankle eversion during stance phase [17,51,52] 

c) Maximum ankle internal rotation during stance phase [17,51,52] 

3) Muscle activation during stance phase 

a) Tibialis anterior 
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b) Gastrocnemius (lateral and medial)
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CHAPTER TWO 

 

Motion Capture: Influence of Running Footwear on Kinematics, Kinetics, and Muscle 

Activation 

 

 

 The objective of the current study was to evaluate the immediate effects of 

various running shoes on the kinetics, kinematics, and muscle activation patterns of 

runners as it relates to TSF. The Baylor BioMotion Lab in the Baylor Research and 

Innovation Collaborative was the location of all testing. Testing included the use of 3D 

Motion Capture, Force Plates, and EMG. Subjects ran in five running conditions (four 

shoes as well as BF) during testing. After the completion of testing subjects completed a 

running questionnaire.  

 

Motion Capture: Methods 

 

 The Baylor Internal Review Board (IRB) reviewed and approved the study. One 

researcher (JT) performed all the studies with assistants to work the computer during the 

data collection. The single researcher completed the consent forms, placed all motion 

tracking markers and EMG electrodes, and provided instruction throughout each data 

collection. All collections were performed in the BioMotion Lab at the Baylor Research 

and Innovation Collaborative (BRIC). The lab (Fig. 14) includes three force plates 

(Advanced Mechanical Testing, Inc., Watertown, MA), fourteen Vicon Vantage Cameras 

(Vicon Motion Systems, LTD, Oxford, UK), two high speed Bonita cameras (Vicon 

Motion Systems, LTD, Oxford, UK), and sixteen electromyograms (EMGs, Noraxon, 

Scottsdale, AZ).  
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Figure 14: Baylor Biomotion Lab. The Biomotion Lab includes force plates, motion capture cameras, high speed video 

cameras, and EMGs. 

 

 

Motion Capture Marker Set 

 

 This study utilized the Point Cluster Technique (PCT) marker set developed by 

Andriacchi [115]. This marker set (Fig. 15) minimizes soft tissue artifact by placing 

additional marker clusters on the thigh and shank. Increased motion of the marker cluster 

between time points (caused by movement of muscle, tissue, and skin) indicates non-rigid 

body motion. The effective “weight” of the markers is then reduced to simulate rigid 

body motion. This method has been shown to mimic the results found by using 

intracortical bone pins [115].  

 Passive markers placed according to the guidelines of the PCT marker set can be 

placed on anyone, eliminating the need for a body suit. In addition this marker set does 

not require a power source and wires which is needed for a body suit. These wires could 

cause a tripping hazard in the lab when running back and forth across the lab floor. In 

addition, a body suit limits overall movement and provides another source of error since 

the reflective markers are placed on the fabric which can move relative to the underlying 

skin.  
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Figure 15: PCT Marker Set. The PCT Marker set includes 77 markers placed on the body. An increased number of 

markers are placed on the thigh and shank to reduce soft tissue artifact. 

 

 

EMG  

 

 Ten EMGs (Noraxon, Scottsdale, AZ) were utilized for this study and placed on 

the left and right tibialis anterior (TA), biceps femoris (BF), vastus medialis (VM), and 

the medial and lateral gastrocnemius (GM and GL) [76,83]. While the GM, GL, and TA 

have not been identified as the muscles responsible for MTSS or TSF, these muscles are 

easily measured with surface electrodes. The deeper muscles responsible for TSF and 

MTSS require the use of needle electrodes. The electrode positioning is shown below 

(Fig. 16).  
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Figure 16: EMG Setup. Ten EMGs were utilized for this study.  

 

 

Participants and Recruitment 

 

 A total of 24 participants were included in this study, a summary of the 

demographics are shown below (Table 3). Prior to data collection all participants 

completed the consent forms. Participants were recruited thru social media, the Waco 

Triathlon Club, the Waco Striders Running Club, the Austin Running club, and word of 

mouth (see Appendix B for flyer). The following criteria were in place to ensure that only 

habitual runners were included in this study.1 

 between 18-55 years of age 

 have a BMI less than 30 

 run at least 1 mile at least twice a week 

 able to maintain a 12 minute mile pace over a 5k  

 are not currently pregnant 

                                                 
1 The initial criteria was sufficiently broad to include recreational and elite runners from the Waco 

area. 
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 are not currently blind 

 are not experiencing lower extremity injuries/surgeries or other morbidities that 

prevent proper muscle function 

 Able to run in one of the following shoe sizes2:  

o Women’s 8.5 (Men’s 6.5) 

o Women’s 9.5 (Men’s 7.5) 

o Women’s 11 (Men’s 9) 

o Men’s 10.5 (Women’s 12.5) running shoes were included.  

 If the subject met all of the above criteria, a date and time was scheduled for the 

data collection.  

 
Table 3: Subject Demographics. The only significant differences were between the mileage between the high and low 

mileage groups (as expected) and the weight between the high and low mileage groups.  

 

Categories Age Gender 

Height 

(cm) 

Weight 

(kg) 

Weekly 

Mileage (mi) 

Avg. Pace 

(min/mile) 

All Subjects (n=23) 29 ± 9 10 F 176 ± 8 71 ± 12 22 ± 17 8:10 ±  1:05 

RFS (n=14) 30 ±  8 7 F 177 ± 8 73 ± 11 20 ± 18 8:30 ± 1:15 

FFS (n=9) 27 ±  12 3 F 174 ± 9 67 ± 13 24 ± 15 7: 45 ±  :45 

Low Mileage 

(<15mi/wk) (n=10) 
28 ±  6 7 F 180 ± 8 77 ± 11* 7 ± 3 8:30 ±  1:00 

High 

Mileage(>15mi/wk) 

(n=10) 

30 ±  12 3 F 174 ± 7 65 ± 8* 33 ± 13 8:00 ± 1:15 

 

 

 

 

 

 

                                                 
2 More women’s shoe sizes were chosen since the primary researcher (JT) is female and 

researchers anticipated more women participating in the study than men. There is an increasing number of 

female runners [116] and the researchers felt that the gender difference between participants and the 

primary researcher could cause some participants discomfort. In addition, the EMGs perform better when 

there is a clean connection between the sensor and the skin surface. In some instances this could require 

subjects to shave the affected area [117]. 
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Running Conditions 

 

 Subjects first ran in the neutral shoe (Nike Pegasus, Nike, Beaverton, OR) and the 

subsequent shoe conditions were randomized to prevent potential bias. Five types of 

running conditions were studied: barefoot, minimalist, neutral, stability/motion control, 

and maximalist shoes. The various shoe properties are discussed below. A two minute 

warm up on the treadmill was performed when changing running conditions [82,118].3  

 

 Barefoot. The barefoot condition provides a baseline for the subject’s natural 

movement without shoes. Barefoot and minimalist shoes are increasingly popular in the 

running market [119] and demonstrate the natural uninhibited movement of the foot.  

 

 Minimalist – Nike Free (Nike, Beaverton, OR). The Nike Free has been used as 

the minimalist shoe in several studies [69,87]. Once again, with the increased popularity 

of barefoot and minimalist running, it is important to capture the effects of a common 

minimalist shoe when compared to various other shod conditions. Shoe properties are 

shown below (Fig. 17, Table 4). 

 

 
 

Figure 17: The Nike Free served as the minimalist shoe for this study [120]. 

 

                                                 
3 The studies by Riley et al. [118] and Kerrigan et al. [82] utilized 3-5 minute warm up on 

treadmill in order to accommodate for the differences between treadmill and overground running. The time 

was reduced to two-minutes during the current study to ensure that data collections did not take more than 

two hours.  
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Table 4: Minimalist Shoe Properties [120] 

 

Manufacturer and Model Nike Free RN 2017 

Weight (Women’s size 8) 6.75 oz 

Offset4 8 mm 

 

 

Neutral - Nike Air Zoom Pegasus (Nike, Beaverton, OR). The Nike Pegasus has 

been used in several shoe studies as the neutral control shoe [103,104] and is the 

recommended shoe by the Baylor Track team for those with a neutral foot. The Pegasus 

provides comfort and cushioning without the motion control and increased cushioning of 

other shoes. The Pegasus is also the baseline model for the Nike Air Zoom Vaporfly 4%, 

an innovative technology designed to help break sub three hour marathon barrier [121]. 

Shoe properties are shown below (Fig. 18, Table 5).  

 

 
 

Figure 18: The Nike Air Zoom Pegasus served as the neutral shoe for this study [122]. 

 

 
Table 5: Neutral Shoe Properties [122] 

 

Manufacturer and Model Nike Air Zoom Pegasus 34 

Weight (Women’s size 8) 9 oz 

Offset 10 mm 

 

 

 Maximalist –Hoka Bondi 5 (Hoka One One, Deckers Brands, Goleta, CA). The 

Hoka’s are emerging as a popular running shoe. Contrary to the popular minimalist shoes 

                                                 
4 Offset is the difference between the heel height and the forefoot height. It is also referred to as 

the “shoe drop.” The greater the offset or drop the greater the height difference between the heel and 

forefoot.  
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of previous years, the Hoka’s are known for their thick midsoles and cushioning [123] 

and fall under the “maximalist” shoe category [93]. Shoe properties are shown below 

(Fig. 19, Table 6). 

 

 
 

Figure 19: The Hoka Bondi 5 served as the maximalist shoe for this study [124]. 

 

 
Table 6: Maximalist Shoe Properties [124] 

 

Manufacturer and Model Hoka Bondi 5 

Weight (Women’s 7) 8.5 oz 

Offset 4 mm 

 

 

 Stability – Nike Air Zoom Structures (Nike, Beaverton, OR). The Nike Air Zoom 

Structures received the 2016 Runner’s World Editor’s Choice Award [125] and is the 

Stability/Motion control Air Zoom shoe. It has an angled foam block on the medial side 

to reduce pronation [125]. Shoe properties are shown below (Fig. 20, Table 7). 

 

 
 

Figure 20: The Nike Air Zoom Structures served as the stability shoes in this study [126]. 
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Table 7: Stability Shoe Properties [126] 

 

Manufacturer and Model Nike Air Zoom Structures 20 

Weight (Men’s 10) 11.2 oz 

Offset 10 mm 

 

 

Collection Preparation and Details 

 

 Prior to the subject’s arrival the lab was prepared for the collection (see Appendix 

C for full test protocol). This included turning on all the cameras, force plates, EMGs, 

computers, and treadmill. The cameras were calibrated before each collection using a 

wand with markers at known locations. Since the distance between these wand markers 

are known, the Vicon system calculated the relative camera position as well as the lens 

distortion errors for each camera. All camera calibration errors were less than 0.25mm for 

all collections. Since the markers used in this study have a diameter of 14mm and the 

greater source of error is from marker placement and soft tissue artifact [115,127], 

camera error is negligible. The PCT marker set is designed to reduce errors from soft 

tissue artifact [115]. Prior to subject arrival all markers were prepared using double-sided 

tape. The Noraxon EMGs were also taped using double-sided tape.  

 Upon arrival, subjects completed the IRB approved consent form (Appendix E) 

and checked for eligibility again. After filling out the consent form, demographic 

information was collected. This included name, gender, height, weight, race, age, lower 

limb injury history, current running shoes and age, foot dominance, and if they had 

previous barefoot running experience. Subjects wore shorts rolled and taped on the sides 

(Fig. 21) and women wore a sports bra. Subjects who owned a triathlon suit or spandex 

shorts were permitted to wear that during testing since the suit was tight and allowed for 

accurate placement of the markers. 
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Figure 21: Motion Capture Attire 

 

 

 After obtaining subject information the subjects were prepared for this collection. 

This included placing the 77 PCT markers on the subject along with ten EMGs in the 

locations shown (Figs. 15 and 16 above). Subject calibration was then performed in the 

first pair of shoes. This allows the system to accurately capture the subject’s neutral body 

position and ensure marker tracking.  

 Subjects then began the running portion of the study. Five running conditions 

were used in this study, one condition for each shoe type mentioned above along with the 

BF condition. Subjects performed an initial set of running trials in the neutral shoe to 

establish a baseline. Thereafter, selection of each shoe was randomized. Before recorded 

trials for each condition, the subject was asked to run for two-minutes on a treadmill to 

acclimate to the shoes [82,118]. After treadmill running, the foot markers were reapplied, 
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all markers were checked, and subject calibration trials were performed for the next shoe 

condition.  

 Subjects ran across a 12.5 m runway over the force plates at 3.35 m/s (±10%) 

[87,128]. Subjects were instructed to run across the lab floor over the force plates.5  

Subjects ran across the lab floor until at least five clean dominant footstrikes on one of 

the three force plates was obtained. All running conditions also included a sagittal plane 

and frontal plane high-speed video to determine visually what type of footstrike pattern 

the subject employed (RFS, FFS, or MID) [66,73,129]. The barefoot running trials also 

included a high-speed video of the subject walking toward and away from the camera to 

visually inspect for pronation.  

 After completion of the running trials, the subject was asked to fill out a survey 

(Appendix D). The markers and EMGs were then removed. After each study the markers 

and EMGs were cleaned with an alcohol wipe.  

 

Processing Trials 

 

 The first step in the data processing was to visually categorize the type of 

footstrike the subject employed in each pair of running shoes. The videos from the high 

speed cameras were reviewed and the stride for each trial was categorized as a RFS or 

FFS [66,73,129]. FFS and mid-foot strikers were grouped together for this study. 

Subjects were classified as FFS if the front of their foot (toe region) or middle of their 

foot struck the ground before their heel.  Subjects were classified as RFS if their heel 

struck the ground first. High mileage subjects were classified as those who ran more than 

                                                 
5 Subjects were not instructed to step directly on the force plates unless more than six trials had 

occurred without hitting the force plates with a clean footstrike. A clean footstrike included the toe and heel 

being fully on one plate for the duration of the stance phase.  
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24 km/wk (15mi/wk) and low mileage subjects were classified as those who ran less 24 

km/wk (15mi/wk) [130,131]. Subjects were classified as pronators if their average ankle 

eversion when running in the neutral shoe was greater than 11.7 degrees [52]. 

 The second step in data processing included labeling the 77 marker trajectories 

and gap filling. Gap filling ensures that all marker trajectory information is filled in when 

markers are not visible to the cameras (i.e. when a camera does not see a marker). This is 

typically done using linear or spline interpolation. Linear and spline interpolation allow 

the gaps to be filled if the position before and after the gap are known. This is the ideal 

method for gap filling since the marker trajectories before and after are known. If a spline 

interpolation was not available, pattern fill was used to fill in marker gaps. A nearby 

marker on the same body segment was used to pattern fill. (For example if the toe marker 

was missing the heel or ankle markers were used for pattern fill since they are on the 

same body segment, the foot.) For the pelvis and head a rigid body trajectory fill was 

used instead since the pelvis and head can be modeled as a rigid body. The rigid body fill, 

however, requires a total of three markers to gap fill. If the rigid body fill could not be 

used on the pelvis or head, the gaps were filled with the pattern fill (if the pattern fill was 

not available then the spline fill was used). Upper body gaps were not filled since the 

primary concern was lower body kinematics. Any gaps greater than fifty frames were left 

unfilled since the gap filling was unreliable.  If lower body gaps were greater than fifty 

frames the researcher searched for a new trial to use.  Once the gaps were all filled, Vicon 

Nexus and Matlab (The MathWorks, Inc., Natick, MA) were used to calculate joint 

angles in all planes of motion.  
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 EMG data was also extracted from Vicon Nexus and analyzed in Matlab. The 

activation levels were first rectified. Then the peak activation values across the selected 

trials was extracted and compared to the neutral condition for each subject. This method 

was chosen in order to reduce inter-individual variability between conditions [132].  

 

Statistical Analysis 

 

 Each subject was first compared to themselves in the neutral shoe. The neutral 

acted as a natural baseline and starting point since they are the most basic form of 

running shoe. The difference between the kinematic and kinetic variables in each running 

condition was compared to the neutral shoe. Therefore this allowed the calculation of the 

difference between the neutral shoe and all other running shoes. An example is provided 

below (Table 8, Eq. 3). First three trials for each condition were averaged together. Then 

the average value for each condition was subtracted from the average in the neutral 

condition. The row labeled “Delta from Neutral” was used for all statistical calculations 

as outlined below. All data analysis was performed in a similar manner unless otherwise 

noted in Chapter Three.  

 
Table 8: Sample Data from Subject 4 

 

Shoe Condition BF Min. Max. Neutral Stability 

Trial 1 -6.76 4.22 -0.25 5.80 5.35 

Trial 2 -10.43 5.57 4.49 4.81 5.43 

Trial 3 -8.44 3.59 3.33 5.31 0.76 

Average -8.54 4.46 2.52 5.31 3.85 

Delta from Neutral 13.85 0.85 2.78 0.00 1.46 
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Sample Calculation 

 Subject 4 BF Condition compared to Neutral  

 

𝐴𝑣𝑔𝑛𝑒𝑢𝑡𝑟𝑎𝑙 − 𝐴𝑣𝑔𝐵𝐹 = 5.31𝑜 − (−8.54𝑜) = 13.850   (3) 

 

Once the difference between each shoe type and the neural was measured, these 

differences were tallied for an ANOVA calculation among all subjects. Additionally 

subjects were grouped by their strike pattern (RFS vs FFS) and by mileage. High mileage 

runners were defined as those running more than 24 km/wk (15 mi/wk) and low mileage 

runners were defined as those running less than 24 km/wk (15 mi/wk) [130,131].  
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CHAPTER THREE 

 

Results 

 

 

 Variables of interest addressed in this section are ankle plantar/dorsiflexion, 

activation of the GM, GL, and TA, transient vertical ground reaction force (TVGRF), 

vertical instantaneous load rate (VILR), ankle eversion, and ankle internal rotation. The 

greatest differences and distinctions were between RFS and FFS. Among RFS all shod 

conditions were similar with regards to ankle dorsiflexion, muscle activation, and VILR. 

RFS were more effected by shoe type with regards to ankle internal rotation and ankle 

eversion. FFS however trended towards decreased plantar flexion and gastrocnemius 

muscle activation in the maximalist and stability shoes compared to neutral. FFS were 

also less likely to have a TVGRF. In addition FFS were less likely to see a change in 

ankle eversion and internal rotation.  

 These results are presented further in the following sections along with further 

sub-group analysis (high/low mileage and pronator/neutral alignment) when significant 

trends are noted. Additional data including significance values, all sub-groups, and hip 

adduction and internal rotation are presented in Appendix F.  

 Several notes should be made before the results of the current study are presented. 

All shoes in this study were compared to how the subject ran in the neutral shoe (Nike 

Pegasus). Only the subject’s dominant foot was analyzed (right dominant n = 22, left 

dominant n = 1). When performing sub-group analysis several standards were put in 

place. Strike pattern (RFS or FFS) were identified with the use of the Bonita High Speed 
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Video Cameras [71,73].1 FFS and mid-foot strikers were grouped together for this study. 

Subjects were classified as FFS if the front of their foot (toe region) or middle of their 

foot struck the ground before their heel.  High mileage subjects were classified as those 

who ran more than 24 km/wk (15mi/wk) and low mileage subjects were classified as 

those who ran less 24 km/wk (15mi/wk) [130,131]. Subjects were classified as pronators 

if their average ankle eversion when running in the neutral shoe was greater than 11.7 

degrees [52]. Only key findings are presented in the body of the thesis. Results for each 

sub-group are presented in Appendix F under each corresponding heading along with a 

full listing of p-values.  

Several notes about phrasing are warranted as well. The phrase “statistically 

significant” or “significant” denotes a p-value of less than 0.05 (p < 0.05). The phrases 

“slight difference”, “slight decrease”, “slight increase”, etc. denote p-values between .05 

and 0.20 (.05 ≤ p <.20). The phrase “trends towards” or simply “trend” denotes a p-value 

greater than 0.20 but a visible difference between the groups or shoes is noticeable (p ≥ 

0.20). A full listing of all p-values for all figures in the following section are available in 

Appendix F.  

 

Ankle Plantar/Dorsiflexion 

 

 Heelstrike and ankle dorsiflexion are a risk factor for TSF [43,44,47,58]. Previous 

studies have already shown that BF running promotes FFS [69,79,83,135] and the effect 

of minimalist shoes upon plantar/dorsiflexion is dependent on the shoe’s construction 

[69]. However few studies have included a comprehensive look at BF, minimalist, 

                                                 
1 Future work includes classifying subjects’ strike pattern based on their strike index using the 

force plate data [133] or via kinematics [134]. See Chapter Five for further information.  
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maximalist, and stability shoes and their effect on plantar/dorsiflexion. It is hypothesized 

that  

 FFS and RFS will increase plantar flexion in the BF condition 

 RFS will have similar plantar flexion across all shod conditions 

 FFS will decrease plantar flexion in the maximalist and stability shoes 

 For all figures in the Ankle Plantar/Dorsiflexion section, positive values along the 

y-axis indicate an increase in ankle plantar flexion compared to the neutral shoe. An 

increase in plantar flexion is desirable in order to promote a FFS pattern and reduce the 

risk of TSF [43,44,47,58]. Only the RFS/FFS sub-group division is presented in the body 

of the thesis. A full analysis with p-values and detailed explanation is available in 

Appendix F. The high/low mileage and pronator/neutral sub-groups are also presented in 

Appendix F.  

 

Ankle Plantar/Dorsiflexion Results – All Subjects 

 

 There was little difference in ankle plantar/dorsiflexion between all shod running 

conditions when all subjects were grouped together (n = 23, Fig. 22).  The minimalist, 

maximalist, and stability shoes were not significantly different than the neutral shoe. 

There was a significant increase in ankle plantar flexion in the BF condition compared to 

all shod conditions including the neutral shoe (p < .01).  
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Figure 22: Change in Ankle Plantar/Dorsiflexion Compared to Neutral Shoe; All Subjects. Positive values indicate 

increased plantar flexion compared to neutral shoe. Significance Values (p < .05): a – significantly different from 

neutral shoe; b – significantly different from BF 

 

 

Ankle Plantar/Dorsiflexion – Strike Pattern 

 

 Subjects were also grouped by strike pattern: RFS (n = 14) and FFS (n= 9) (Fig. 

23). Among RFS and FFS the minimalist, maximalist, and stability shoes were not 

significantly different than the neutral shoe. RFS exhibited a significant increase in 

plantar flexion in the BF condition compared to all shod conditions including the neutral 

condition (p < .01). FFS exhibited a significant increase in plantar flexion in the BF 

condition compared to the maximalist and stability shoes (p = .01 and p = .02, 

respectively). Among FFS there was a slight increase in plantar flexion in the BF 

condition compared to the minimalist shoe (p = .07) and the neutral shoe (p = .10). There 

was a statistically significant increase in plantar flexion among RFS compared to FFS in 

the BF (p < .01), minimalist (p = .01), and stability shoes (p < .01). RFS also showed a 

slight increase in plantar flexion in the maximalist shoe compared to FFS (p = .12).  
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Figure 23: Change in Ankle Plantar/Dorsiflexion Compared to Neutral Shoe; Sub-Grouped by Strike Pattern. Positive 

values indicate increased plantar flexion compared to neutral shoe. Significance Values (p < .05): a – significantly 

different from neutral shoe; b – significantly different from BF; c – significant difference between RFS and FFS. 

 

 

Gastrocnemius Lateralis (GL) Activation - Results 

 

 The primary muscles surrounding the tibia include the tibialis anterior (TA), SOL, 

gastrocnemius medialis and lateralis (GM and GL, respectively), flexor digitorum longus 

(FDL), and tibialis posterior (TP) [4]. The plantar and dorsiflexors are responsible for 

controlling the loading rate [72] and the foot position in the sagittal plane upon footstrike. 

Since these muscles are a key component of foot positioning and loading rate, they must 

also be analyzed. However deep muscles such as the SOL and FLD (thought to be 

responsible for MTSS [32–34]) could not be measured without the use of needle 

electrodes. Therefore the GM, GL, and TA were measured instead using surface 

electrodes. This provides an indication of what other muscles are doing deeper inside the 

body.  
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The purpose of this portion of the analysis was to determine if there was an 

immediate change in GL activation intensity based on shoe type. Previous studies have 

found increased GL and GM activation while BF compared to neutral [76,83]. It is 

hypothesized that  

 RFS will increase GL activation in the BF condition  

 FFS will have similar activation of the GL in all conditions. 

 For all figures in the GL Activation Section, the activation ratio (current 

shoe/neutral shoe) was calculated. Due to small sample sizes, p-values are observational 

and suggestive and further research with more subjects is required. 2 The EMG data 

presented below is a pilot study and general trends and percentages will be more heavily 

emphasized. Any changes resulting in at least a 15% difference between the neutral and 

current shoe were reported below. See Appendix F for a full listing of activation ratios. 

Only the RFS/FFS sub-group is presented in the body of the thesis. A full analysis with 

p-values and detailed explanation is available in Appendix F. The high/low mileage and 

pronator/neutral sub-groups is also presented in Appendix F. 

 

Gastrocnemius Lateralis (GL) Activation Results – All Subjects 

 

 There was no difference in GL activation between all shod running conditions 

when all subjects were grouped together (Fig. 24).  The BF condition, minimalist, 

maximalist, and stability shoes were not significantly different from the neutral shoe. 

None of the shod conditions were significantly different than BF.  

 

                                                 
2 The number of subjects who had EMG data was greatly reduced from the total number of 

subjects. This could be due to numerous issues addressed in Chapter Five. The number of subjects with 

available EMG data are listed for each sub-group. Due to the reduction of available EMG data the total 

number of subjects for this portion of the study does not always equal 23.  
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Figure 24: GL Activation Ratio Compared to Neutral Shoe; All Subjects. Significance Values (p < .05): a – 

significantly different from neutral; b – significantly different from BF. 

 

 

Gastrocnemius Lateralis Activation Results – Strike Pattern 

 

 Subjects were grouped by strike pattern: RFS (n = 10) and FFS (n= 4) (Fig. 25). 

Among RFS and FFS the BF condition, minimalist, maximalist, and stability shoes were 

not statistically different than the neutral shoe. Among RFS and FFS there were no 

significant differences between the shod and BF conditions.  There were no statistically 

significant differences between the groups. However RFS showed a slight increase in GL 

activation in the stability shoes compared to FFS (p = .11; a 24% increase). FFS saw a 

27% decrease in activation of the GL in the maximalist shoes compared to neutral and a 

29% decrease in the activation of the GL in the stability shoes compared to neutral. 
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Figure 25: GL Activation Ratio Compared to Neutral Shoe; Sub-Grouped by Strike Pattern. Significance Values (p < 

.05): a – significantly different from neutral shoe; b – significantly different from BF; c – significant difference 

between RFS and FFS. 

 

 

Gastrocnemius Medialis (GM) Results  

 

 The purpose of this portion of the analysis was to determine if there was a change 

GM activation intensity based on shoe type. Previous studies have found increased GL 

and GM activation while BF compared to neutral [76,83].  It is hypothesized that  

 RFS will increase GM activation in the BF condition.  

 FFS will have similar GM activation in all conditions.  

 The activation ratio (current shoe/neutral shoe) was recorded. For all figures in 

the GM Activation Section, the activation ratio (current shoe/neutral shoe) was 

calculated. Due to small sample sizes, p-values are observational and suggestive and 

further research with more subjects is required. The EMG data presented below is a pilot 

study and general trends and percentages will be more heavily emphasized. Any changes 

resulting in at least a 15% difference between the neutral and current shoe were reported 

below. See Appendix F for a full listing of p-values and activation ratios. Only the 
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RFS/FFS and the high/low mileage sub-groups are presented in the body of the thesis. A 

full analysis with p-values and detailed explanation is available in Appendix F. The 

pronator/neutral alignment sub-group is also presented in Appendix F. 

 

Gastrocnemius Medialis (GM) Activation Results – All Subjects 

 

 There was no difference in GL activation between all shod running conditions 

when all subjects were grouped together (Fig. 26).  The BF condition, minimalist, 

maximalist, and stability shoes were not significantly different than the neutral shoe. 

While not statistically significant, there was a 20% decrease in GM activation in the BF 

condition compared to neutral. There was a slight increase in the GM activation in the 

stability (p = .07; a 28% increase) and maximalist (p = .19; a 24% increase) shoes 

compared to BF. There were no other statistically significant differences from the BF 

condition.  

 

 
 
Figure 26: GM Activation Ratio Compared to Neutral Shoe; All Subjects. Significance Values (p < .05): a – 

significantly different from neutral; b – significantly different from BF. 
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Gastrocnemius Medialis Activation Results – Strike Pattern 

 

 Subjects were grouped by strike pattern: RFS (n = 6) and FFS (n= 5) (Fig. 27). 

Among RFS and FFS the BF condition, minimalist, maximalist, and stability shoes were 

not significantly different than the neutral shoe. While not statistically significant, among 

RFS there was a 19% decrease in the GM activation in the BF condition compared to 

neutral. RFS also showed a 22% increase in the GM activation in the maximalist shoe 

compared to neutral and a 19% increase in GM activation in the stability shoe compared 

to neutral. Among FFS there was a 20% decrease in GM activation in the BF condition 

compared to neutral, a 19% decrease in GM activation in the minimalist compared to 

neutral, and an 18% decrease in GM activation in the maximalist shoe compared to 

neutral. Among RFS there was a slight increase in GM activation in the maximalist (p = 

.11; a 41% increase) and stability (p = .13; a 35% increase) shoes compared to BF. 

Among FFS there was no statistically significant differences between BF and all shod 

conditions.  RFS showed a slight increase in GM activation in the maximalist (p = .05, a 

40% increase) and stability (p = .13; a 30% increase) shoes compared to FFS.  

 

Gastrocnemius Medialis Activation Results – Mileage 

 

 Subjects were also grouped by weekly mileage: high (n = 5) and low (n = 6) 

mileage (Fig. 28).  Among high and low mileage subjects the BF condition, minimalist, 

maximalist, and stability shoes were not significantly different than the neutral shoe. 

While not statistically significant, high mileage subjects showed a 16% reduction in GM 

activation in the minimalist shoe compared to neutral. Among low mileage subjects there 

was a 30% reduction in GM activation in the BF condition compared to neutral. Among  
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Figure 27: GM Activation Ratio Compared to Neutral Shoe; Sub-Grouped by Strike Pattern. Significance Values (p < 

.05): a – significantly different from neutral shoe; b – significantly different from BF; c – significant difference 

between RFS and FFS. 

 

 

high mileage subjects there was a slight increase in GM activation in the stability shoe 

compared to BF (p = .09; a 22% increase). Among low mileage subjects there was a 

slight increase in GM activation in the maximalist shoe compared to BF (p = .19, a 4% 

increase). Among high mileage subjects there was a significant increase in GM activation 

in the stability shoe compared to the minimalist shoe (p = .04, a 27% increase). There 

was a significant increase in GM activation among high mileage subjects in the BF 

condition compared to low mileage subjects (p = .03, a 19% increase). There were no 

other statistically significant differences between groups.  
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Figure 28: GM Activation Ratio Compared to Neutral Shoe; Sub-Grouped by Mileage. Significance Values (p < .05): a 

– significantly different from neutral shoe; b – significantly different from BF; c – significant difference between high 

and low mileage subjects; d – significantly different from minimalist shoe.  

 

 

Tibialis Anterior (TA) Results 

 

 The purpose of this portion of the analysis was to determine if there was a change 

TA activation intensity based on shoe type. Fleming et al. also found increased pre-

activation of the GL and GM along with reduced activation of the TA when habitually 

shod males ran BF for one-minute on a treadmill [76]. Previous studies by Olin and 

Gutierrez [70] and von Tscahrner et al. [80] also noted decreases in TA activation while 

BF. It is hypothesized that  

 FFS will increase TA activation in the maximalist and stability shoes.  

 The activation ratio (current shoe/neutral shoe) was recorded. For all figures in 

the TA Activation Section, the activation ratio (current shoe/neutral shoe) was calculated. 

Due to small sample sizes, p-values are observational and suggestive and further research 

with more subjects is required. The EMG data presented below is a pilot study and 

general trends and percentages will be more heavily emphasized. Any changes resulting 
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in at least a 15% difference between the neutral and current shoe were reported below. 

See Appendix F for a full listing of p-values and activation ratios. Only the RFS/FFS and 

the high/low mileage sub-groups are presented in the body of the thesis. A full analysis 

with p-values and detailed explanation is available in Appendix F. The pronator/neutral 

sub-group is also presented in Appendix F. 

 

Tibialis Anterior (TA) Activation Results – All Subjects 

 

 There was no difference in TA activation between all shod running conditions 

when all subjects were grouped together (Fig. 29).  The BF condition, minimalist, 

maximalist, and stability shoes were not significantly different than the neutral shoe. 

There were no statistically significant differences between the BF and shod conditions.  

 

 
 
Figure 29: TA Activation Ratio Compared to Neutral Shoe; All Subjects. Significance Values (p < .05): a –

Significantly different from neutral; b – Significantly different from BF. 
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Tibialis Anterior Activation Results – Strike Pattern 

 

 Subjects were grouped by strike pattern: RFS (n = 8) and FFS (n= 4) (Fig. 30). 

Among RFS and FFS the BF condition, minimalist, maximalist, and stability shoes were 

not significantly different than the neutral shoe. While not statistically significant among 

FFS there was a 25% reduction in the TA activation in the BF condition compared to 

neutral, a 22% reduction in the TA activation in the minimalist condition compared to 

neutral, a 18% reduction in the TA activation in the maximalist shoe compared to neutral, 

and a 23% increase in activation in the stability shoe compared to neutral. Among RFS 

and FFS there were no significant differences between the BF and shod conditions. There 

were no statistically significant differences between the groups. However RFS showed a 

slight increase in TA activation in the BF condition compared to FFS (p = .06; a 17% 

increase).   

 

 
 
Figure 30: TA Activation Ratio Compared to Neutral Shoe; Sub-Grouped by Strike Pattern. Significance Values (p < 

.05): a – significantly different from neutral shoe; b – significantly different from BF; c – significant difference 

between RFS and FFS. 
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Tibialis Anterior Activation Results – Mileage 

Subjects were also grouped by weekly mileage: high (n = 6) and low (n = 6) 

mileage (Fig. 31). Among high and low mileage subjects the BF condition, minimalist, 

maximalist, and stability shoes were not significantly different than the neutral shoe. 

However, among high mileage subjects there was a slight decrease in TA activation in 

maximalist shoes compared to neutral (p = .13; a 25% reduction).  While not statistically 

significant, among high mileage subjects there was a 23% reduction in TA activation in 

both the BF and minimalist shoes compared to neutral. Among high mileage subjects 

there was also a 25% reduction in TA activation in the maximalist shoe compared to 

neutral and an 18% reduction in TA activation in the stability shoe compared to neutral. 

Among low mileage subjects there was a 15% increase in TA activation in the stability 

shoe compared to neutral. There were no statistically significant differences between the 

shod and BF condition in either group. High mileage subjects showed a significant 

decrease in TA activation in the BF condition compared to low mileage subjects (p = .03; 

a 19% decrease). High mileage subjects also showed a slight decrease in TA activation in 

the maximalist shoes compared to low mileage subjects (p = .08; a 25% decrease).   

Transient Vertical Ground Reaction Force 

Increased impact force has been identified as a risk factor for TSF [42–45,57]. 

However there are conflicting reports discussing the effectiveness of various shoes and 

BF running to lessen the impact upon landing. In a study by De Wit et al.,  BF  running 

was linked to increased loading rate with multiple impact peaks [135]. Two studies by 

Divert et al. in 2005 noted that BF running reduced the impact loading and decreased the 
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Figure 31: TA Activation Ratio Compared to Neutral Shoe; Sub-Grouped by Mileage. Significance Values (p < .05): a 

– significantly different from neutral shoe; b – significantly different from BF; c – significant difference between high

and low mileage subjects;

transient peak after three minutes of running [74,83]. With regard to minimalist shoes 

several studies have noted an increase in initial loading compared to neutral shoes 

[78,87]. Butler et al. noted that cushioned shoes are better at shock attenuation than 

motion control shoes [89]. The purpose of this portion of the analysis was to determine if 

there was an immediate effect on transient vertical ground reaction force based on shoe 

type.  

One note of clarification is necessary when measuring vertical ground reaction 

force (VGRF). This thesis analyzes the transient peak of the vertical ground reaction 

force (TVGRF) curve which is the impact peak rather than the active (push off peak) 

(Fig. 32).  

It is hypothesized that 

 RFS will decrease TVGRF only in the BF condition.

 FFS will decrease TVGRF in the minimalist and BF condition
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 Both groups will increase the TVGRF in the stability shoe.

For this section (Transient Vertical Ground Reaction Force) all measurements

were taken of transient peak. Only subjects with a transient peak in the neutral shoe were 

included in this portion of analysis (n = 17). Subjects 13, 18, 19, 22, 23, and 24 did not 

have transient peaks in any condition. All six of these subjects were FFS and two-thirds 

were high mileage subjects (Subjects 18, 19, 22, and 23).  

Figure 32: Transient (or first peak) is Measured for TVGRF [57]. Used with permission. 

However, if the subject had a transient peak for the neutral shoe but did not have a 

transient peak in another running condition they were included in the analysis. The 

number of “responders” are shown for each shoe condition compared to BF. A decrease 

in TVGRF is beneficial to reduce the risk of TSF [42–45,57]. 

Data from Subject 2 (24 year old, female) is shown below as an example (Table 

9). 
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Table 9: Sample Data from Subject 2. TVGRF. The raw TVGRF for each subject was divided by the subject’s body 

weight. Therefore this subject experienced 1.17 times their body weight in the BF condition, 1.26 times their body 

weight in the minimalist shoe, 1.48 times their body weight in the neutral shoe, and 1.43 times their body weight in the 

stability shoe. This subject did not have a TVGRF in the maximalist shoe.  

 

Shoe Condition BF (BW) Minimalist (BW) Maximalist (BW) Neutral (BW) Stability (BW) 

Trial 1 1.17 1.18 NaN 1.48 1.48 

Trial 2 NaN 1.15 NaN NaN 1.38 

Trial 3 NaN 1.44 NaN Nan 1.43 

Average 1.17 1.26 NaN 1.48 1.43 

Delta from Neutral 0.31 0.22 NaN 0.00 0.05 

 

 

 Therefore Subject 2 saw a 31% decrease in TVGRF in the BF condition, a 22% 

decrease in TVGRF in the minimalist shoe, no transient peak in the maximalist shoe, and 

a 5% decrease in TVGRF in the stability shoe. 

 Only the RFS/FFS and the high/low mileage sub-groups are presented in the body 

of the thesis. A full analysis with p-values and detailed explanation is available in 

Appendix F. The pronator/neutral sub-group is also presented in Appendix F. 

 

Transient Vertical Ground Reaction Force- All Subjects 

 

 Three subjects each were able to eliminate the TVGRF in the BF, minimalist, and 

maximalist condition (Fig. 33).  
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Figure 33: Decrease in TVGRF Compared to Neutral; All Subjects (n = 17) 

TVGRF – Strike Pattern 

Subjects were grouped by strike pattern: RFS (n = 14) and FFS (n= 3) (Figs. 34 

and 35). Upon initial investigation several trends were noted. FFS subjects were less 

likely to have a transient peak (Subjects 13, 18, 19, 22, 23, and 24 did not have transient 

peaks in any running condition). Two RFS were able to eliminate the TVGRF in the BF, 

minimalist, and maximalist shoes.  

TVGRF – Mileage 

Subjects were grouped by high and low mileage: high (n = 8) and low (n= 9) 

(Figs. 36 and 37). Two high mileage subjects saw the removal of the TVGRF in the BF 

condition. Three low mileage subjects removed the TVGRF in the maximalist shoes. 
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Figure 34: Decrease in TVGRF Compared to Neutral; RFS Only (n = 14) 

 

 
 

Figure 35: Decrease in TVGRF Compared to Neutral; FFS Only (n = 3) 
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Figure 36: Decrease in TVGRF Compared to Neutral; High Mileage Only (n = 8) 

Figure 37: Decrease in TVGRF Compared to Neutral; Low Mileage Only (n = 9) 

Vertical Instantaneous Load Rate 

Increased loading rate has been identified as a risk factor for TSF [43,58]. 

Previous studies by Milner et al. compared the vertical instantaneous loading rate 
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(VILR), vertical average loading rate (VALR), and transient vertical ground reaction 

forces (TVGRF) of subjects with TSF and healthy controls (Table 10) [43]. The goal of 

this portion of the analysis was to determine if there is an immediate effect on VILR 

based on shoe type. 

 
Table 10: VILR of TSF Subjects and Healthy Controls [43] 

 

Variable of Interest TSF Controls 

TVGRF (BW) 1.84 ± 0.21 1.70 ± 0.32 

VILR (BW/s) 92.56 ± 24.74 79.64 ± 18.81 

VALR (BW/s) 78.97 ± 24.96 66.31 ± 19.52 

 

 

It is hypothesized that  

 RFS will increase VILR in the BF and minimalist shoe  

 RFS will decrease VILR in the maximalist shoe.  

 FFS will have similar VILR among all conditions. 

 VILR was calculated using a percent difference method (Eq. 4). The VILR in 

each shoe condition was subtracted from the VILR in the neutral condition, and then 

divided by the neutral condition.  

 
𝑉𝐼𝐿𝑅𝑛𝑒𝑢𝑡𝑟𝑎𝑙−𝑉𝐼𝐿𝑅𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛

𝑉𝐼𝐿𝑅𝑛𝑒𝑢𝑡𝑟𝑎𝑙
∗ 100%      (4) 

 

 

 For all figures in the Loading Rate Section positive values along the y-axis 

indicate a decrease in loading rate compared to the neutral shoe. A decrease in loading 

rate is beneficial for reducing the risk of TSF [43,58].  

Loading rate was measured as per Crowell and Davis [136], “VILR was the 

maximum slope of the vertical ground reaction force curve between successive data 

points in the region from 20% of the VIP to 80%” of the transient peak (Fig. 38). Only 
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trials with a TVGRF were analyzed. This reduced the number of trials and data points for 

each sub-group.  

 

 
 

Figure 38: VILR. Measured as the middle 60% of the slope of the loading rate from footstrike to the transient peak 

[136]. Used with permission.  

 

 

Only the RFS/FFS and the high/low mileage sub-groups are presented in the body 

of the thesis. A full analysis with p-values and detailed explanation is available in 

Appendix F. The pronator/neutral sub-group is also presented in Appendix F. 

 

Vertical Instantaneous Load Rate (VILR) Results – All Subjects 

 

 The VILR in the minimalist, maximalist, and stability shoes were not significantly 

different than the neutral shoe when all subjects were grouped together (n = 13; Fig. 39). 

There was a significant increase in VILR in the BF condition compared to all shod 

conditions including the neutral shoe (p < .01).  

 

 



81 

 

 
 
Figure 39: Change in VILR Compared to Neutral; All Subjects. Positive values indicate decreased VILR compared to 

neutral shoe. Significance Values (p < .05): a – significantly different from neutral shoe; b – significantly different from 

BF 

 

 

Vertical Instantaneous Load Rate (VILR) – Strike Pattern 

 

 Subjects were then grouped by strike pattern: RFS (n = 12) and FFS (n= 1) (Fig. 

40).3 Due to the limited number of FFS subjects with VILR data, the FFS were not used 

for statistical analysis and only used for comparison.   Among RFS and FFS the 

minimalist, maximalist, and stability shoes were not significantly different than the 

neutral shoe. RFS exhibited a significant increase in VILR in the barefoot condition 

compared to all shod conditions including the neutral condition (p ≤ .01). Among FFS 

there was no difference between VILR in the BF and shod conditions including the 

neutral shoe.  

 

                                                 
3 There was only one FFS subject with BF and minimalist data, the FFS data is only for 

comparison and not for statistical analysis. Among FFS, only one had any data for the BF condition, 

maximalist condition, and stability condition. A second FFS had data only for the minimalist condition. A 

third FFS had data only for the maximalist and stability conditions. 

-500

-400

-300

-200

-100

0

100

200

BF Min. Max. Stability

%
 D

if
fe

re
n
ce

 f
ro

m
 N

eu
tr

al

Shoe Condition

a

b b b



82 

Figure 40: Change in VILR Compared to Neutral; Sub-Grouped by Strike Pattern. Positive values indicate decreased 

VILR compared to neutral shoe. Significance Values (p < .05): a – significantly different from neutral shoe; b – 

significantly different from BF. 

Vertical Instantaneous Load Rate (VILR) – Mileage 

Subjects were also grouped by weekly mileage: high (n = 6) and low (n = 6) 

mileage (Fig. 41). Among high and low mileage subjects there were no statistically 

significant differences between the minimalist, maximalist, and stability shoes compared 

to neutral. Among high mileage subjects the BF condition was not statistically significant 

from the shod conditions including the neutral shoe. Among low mileage subjects, there 

was a statistically significant increase in the loading rate in the BF condition compared to 

all shod conditions (p < .01). There was a significant increase in loading rate in the BF 

condition among low mileage subjects compared to high mileage subjects (p < .05).  
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Figure 41: Change in VILR Compared to Neutral; Sub-Grouped by Mileage. Positive values indicate decreased VILR 

compared to neutral shoe. Significance Values (p < .05): a – significantly different from neutral shoe; b – significantly 

different from BF; c – significant difference between high and low mileage subjects. 

 

 

Vertical Instantaneous Load Rate (VILR) – Alignment 

 

 Subjects were also grouped by weekly mileage: pronating (n = 2) and neutral (n = 

10) (Fig. 42). Since there were only two pronating subjects their data is only for 

comparison and not for statistical analysis. Among pronators and neutral subjects there 

was not a statistically significant difference among all shod conditions. Among pronators 

and neutral subjects there was a significant increase in VILR in the BF condition 

compared to all shod conditions. While there were no statistically significant differences 

between the groups, it is interesting to note that among pronating subjects there was trend 

toward reduced VILR in the stability shoe.  

 

Ankle Eversion 

 

 Pronation has been identified as a risk factor for TSF [17,51,52]. Pronation is a 

combination of rotation and inversion/eversion [111] and may be measured via the  
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Figure 42: Change in VILR Compared to Neutral; Sub-Grouped by Alignment. Positive values indicate decreased 

VILR compared to neutral shoe. Significance Values (p < .05): a – significantly different from neutral shoe; b – 

significantly different from BF. 

 

vertical movement of the navicular tuberosity [102]. Stability/motion control shoes have 

been shown to reduce eversion and pronation [89,102,137]. Previous studies by Pohl et 

al. [51] and Milner et al. [52] have noted significant differences between the rearfoot 

eversion of patients who suffer from TSF and healthy controls (Table 11).4 The goal of 

this portion of the analysis was to determine if there is an immediate effect on ankle 

eversion and internal rotation based on shoe type. 

 
Table 11: Rearfoot Eversion of TSF Subjects and Healthy Controls 

 

Reference TSF Controls 

Pohl et al. [51] 11.5 ± 4.3 8.8 ± 4.1 

Milner et al. [52] 11.7 ± 4.2 9.0 ± 3.9 

  

                                                 
4 Milner et al. [52] utilized three heel markers to measure rearfoot eversion while Pohl et al. [51] 

used a single heel marker. The current study however measured ankle eversion since a three system heel 

marker was not utilized during the collection. 
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Subjects were identified as pronators if their average ankle eversion when running in 

the neutral shoe was greater than 11.7 degrees [52]. It is hypothesized that  

 The stability shoes will reduce ankle eversion among pronators 

 

 For all figures in the Ankle Eversion section positive values along the y-axis 

indicate a decrease in maximum ankle eversion compared to the neutral shoe. A decrease 

in maximum ankle eversion is beneficial for reducing the risk of TSF [17,51,52]. Only 

the RFS/FFS and the pronator/neutral alignment sub-groups are presented in the body of 

the thesis. A full analysis with p-values and detailed explanation is available in Appendix 

F. The mileage sub-group is also presented in Appendix F. 

 

Ankle Eversion Results – All Subjects 

 

 Subjects showed a significant decrease in ankle eversion in the minimalist 

condition compared to neutral (p = .04) (Fig. 43). Subjects also showed a decrease in 

ankle eversion in the minimalist and stability shoes compared to the BF condition (p < 

.01 and p = .03, respectively). There were no other statistically significant differences 

between shod and BF conditions.  

 

Ankle Eversion Results – Strike Pattern 

 

 Subjects were grouped by strike pattern: RFS (n = 14) and FFS (n= 9) (Fig. 44). 

RFS showed a slight decrease in ankle eversion in the minimalist shoe compared to 

neutral (p = .06). Among RFS there were no other significant differences in ankle 

eversion compared to neutral. Among the FFS the BF condition, minimalist, maximalist, 

and stability shoes were not significantly different than the neutral shoe. RFS subjects 

showed a significant decrease in ankle eversion in the minimalist shoe compared to BF (p  
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Figure 43: Change in Peak Ankle Eversion Compared to Neutral; All Subjects. Positive values indicate decreased 

eversion compared to neutral shoe. Significance Values (p < .05):  a – significantly different from neutral; b – 

significantly different from BF; c - significantly different from minimalist 

 

= .03). RFS subjects also showed a slight decrease in ankle eversion in the stability shoe 

compared to BF (p = .16). There were no other statistically significant differences within 

groups. However RFS appear to be more responsive to ankle eversion based on shoe type 

though this was not statistically significant. However all these differences are slight and 

are likely not clinically significant.  

 

Ankle Eversion Results – Alignment  

 

 Subjects were grouped based on alignment: pronators (n = 4) and neutral (n = 19) 

(Fig. 45). Among pronators the BF, maximalist, and stability conditions were not 

statistically different than the neutral shoe. However among pronators there was a slight 

reduction in ankle eversion in the minimalist shoe compared to the neutral shoe (p = .15). 

Among neutral subjects the maximalist and stability conditions were not different than 

the neutral shoe. Among pronators there were no differences between the BF and shod  
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Figure 44: Change in Peak Ankle Eversion Compared to Neutral; Sub-Grouped by Strike Pattern. Positive values 

indicate decreased eversion compared to neutral shoe. Significance Values (p < .05): a – significantly different from 

neutral; b – significantly different from BF; c - significant difference between RFS and FFS. 

 

conditions including the neutral shoe. This is likely due to the small sample size (n = 4). 

Neutral subjects experienced a significant reduction in ankle eversion in the minimalist 

and stability shoes compared to BF (p = .01 and p = .05, respectively). There were no 

statistically significant differences between pronators and neutral subjects. However 

pronators appeared more responsive based on shoe type than neutral subjects.  

 

Ankle Internal Rotation 

 

 As previously mentioned pronation has been identified as a risk factor for TSF 

[17,51,52]. The rotational component of pronation must be analyzed as well. Milner et al. 

noted slight differences in internal tibial rotation between TSF subjects and control 

subjects (p = .08; Table 12) [52]. Instead of measuring internal tibial rotation, the current 

study measured ankle internal rotation. The goal of this portion of the analysis was to 

determine if there is an immediate effect on ankle internal rotation based on shoe type. 
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Figure 45: Change in Peak Ankle Eversion Compared to Neutral; Sub-Grouped by Alignment. Positive values indicate 

decreased peak eversion compared to neutral shoe.  Significance Values (p < .05):  a – significantly different from 

neutral; b – significantly different from BF; c - significant difference between pronators and neutral subjects. 

 

 
Table 12: Tibial Internal Rotation of TSF Subjects and Healthy Controls 

 

Reference TSF Controls 

Milner et al. [52] -9.4 ± 5.8 -6.7 ± 5.6 

 

 

 Stability/motion control shoes have been shown to reduce eversion and pronation 

[89,102,137]. All shoes and results in this study were compared to the neutral shoes. It is 

hypothesized that  

 Stability shoes will reduce the ankle internal rotation among pronators 

 

 For all figures in the Ankle Internal Rotation section positive values along the y-

axis indicate a decrease in max ankle internal rotation compared to the neutral shoe.5 A 

                                                 
5 Ankle internal rotation was conventionally labeled as negative during the current study as well as 

shown in other labeling conventions [78]. However, for ease of understanding and to follow convention of 

the current study (positive y-values reducing the risk factor of TSF) the absolute value of the internal 

rotation was measured during analysis. Therefore, for all figures in this section, positive values along the y-

axis indicate a decrease in ankle internal rotation compared to the neutral shoe. 
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decrease in maximum ankle internal rotation is beneficial for reducing the risk of TSF 

[17,51,52]. Only the RFS/FFS and the pronator/neutral alignment sub-groups are 

presented in the body of the thesis. A full analysis with p-values and detailed explanation 

is available in Appendix F. The mileage sub-group is also presented in Appendix F. 

 

Ankle Internal Rotation Results- All Subjects 

 

 The minimalist, maximalist, and stability shoes were not significantly different 

than the neutral shoe (Fig. 46).  The minimalist (p < .01), maximalist (p = .01), and 

stability (p = .01) shoes significantly reduced the ankle internal rotation compared to the 

BF condition. 

 

 
 
Figure 46: Change in Peak Ankle Internal Rotation Compared to Neutral; All Subjects. Positive values indicate 

decreased internal rotation compared to neutral shoe.  Significance Values (p < .05):  a – significantly different from 

neutral; b – significantly different from BF. 
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Ankle Internal Rotation Results – Strike Pattern 

 

 Subjects were grouped by strike pattern: RFS (n = 14) and FFS (n= 9) (Fig. 47).  

Among RFS, there was a significant decrease in ankle internal rotation in the minimalist 

shoe compared to neutral (p = .03). Among RFS the BF condition, maximalist, and 

stability shoes were not significantly different than the neutral shoe. Among FFS the BF 

condition, minimalist, maximalist, and stability shoes were not significantly different 

than the neutral shoe. Among RFS, there was a significant reduction in the ankle internal 

rotation in the minimalist and maximalist conditions compared to BF (p < .01 and p = 

.03, respectively). Among RFS there was also a slight reduction in ankle internal rotation 

in the stability shoe compared to BF (p = .08).  However only the change in the 

minimalist shoe is likely clinically significant. Among FFS there were no statically 

significant difference between the BF and all shod conditions including the neutral shoe. 

There was a statistically significant decrease in ankle internal rotation among RFS 

compared to FFS in the minimalist condition (p = .03). There were no other statistically 

significant differences between groups.  

 

Ankle Internal Rotation Results – Alignment  

 

 Subjects were grouped based on alignment: pronators (n = 4) and neutral (n = 19) 

(Fig. 48).  Among both the pronators and neutral subjects the minimalist, maximalist, and 

stability shoes were not significantly different than the neutral shoe. Among pronators 

there was a slight reduction in ankle internal rotation in the minimalist shoe compared to 

BF (p = .07). Among neutral subjects there was a statistically significant decrease in 

ankle internal rotation in the minimalist (p < .01), maximalist (p = .02), and stability (p = 

.03) shoes compared to the BF condition. However only the minimalist shoe results are  
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Figure 47: Change in Peak Ankle Internal Rotation Compared to Neutral; Sub-Grouped by Strike Pattern. Positive 

values indicated decreased internal rotation compared to neutral shoe. Significance Values (p < .05):  a – significantly 

different from neutral; b – significantly different from BF; c – significant difference between RFS and FFS. 

 

likely clinically significant based on the findings of Milner et al. above [52]. Among 

neutral subjects there was also a slight decrease in ankle internal rotation in the neutral 

condition compared to BF (p = .15). There were no statistically significant differences 

between groups.  
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Figure 48: Change in Peak Ankle Internal Rotation Compared to Neutral; Sub-Grouped by Alignment. Positive values 

indicate increased internal rotation compared to neutral shoe. Significance Values (p < .05):  a – significantly different 

from neutral; b – significantly different from BF; c – significant difference between pronators and neutral subjects.   
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CHAPTER FOUR 

 

Discussion and Conclusions 

 

 

The goal of this study was to determine if there is an immediate effect on 

kinematics, kinetics, and muscle activation patterns based on shoe type. The specific 

variables of interest were related to TSF and included ankle dorsiflexion [43,44,47,58], 

pronation (a combination of ankle eversion and ankle internal rotation) [17,51,52], 

increased ground reaction force [42–45,57], and increased loading rate [43,58]. The 

muscles of interest included the GM and GL which are active plantar flexors of the ankle 

as well as the TA which is an active dorsiflexor of the ankle. A brief discussion of the 

overall results of the kinetics, kinematics, and muscle activation patterns are presented 

below. The following sections in this chapter discuss in detail the outcomes of the various 

running conditions. Further discussion about each variable of interest in each condition is 

presented in Appendix G.  

 

Overview 

 

While numerous studies have been performed outlining the kinematic, kinetic, 

and muscular differences of various running shoes, few have provided an in depth 

analysis of multiple commercially available shoe types. Even fewer have involved the use 

of 3D kinematics, kinetics, and EMG. This particular study was focused on risk factors 

for TSF. This will be beneficial for coaches, physical therapists, and runners alike to 

alleviate the risk factors of TSF.  



94 

 

It appears that it overall footstrike pattern and muscular endurance are the two key 

factors which influence the shoe’s effect on the runners kinematics, kinetics, and muscle 

activation patterns. A modification of a footstrike pattern along with loading rate and 

ground reaction force eliminates three of the risk factors for TSF outlined in Chapter 

One. A fourth variable (pronation) may be modified by shoe type but only appears 

affective for RFS and pronators.  

RFS and FFS responded differently when evaluating ankle plantar flexion 

especially in the minimalist, maximalist, and stability shoes. RFS increased plantar 

flexion in the BF condition while all shod conditions had similar levels of plantar flexion. 

However, FFS had similar levels of plantar flexion in the minimalist and BF conditions 

and trended towards decreased plantar flexion in the maximalist and stability shoes. This 

split trend in the maximalist and stability shoes suggest that maximalist and stability 

shoes are not the best choice for a FFS runner.  

The results of the current study suggest that it is the strike pattern that is able to 

reduce the TVGRF as well as VILR. Few FFS in the current study had a TVGRF and 

thus the VILR was not analyzed as well. The footstrike pattern dictates the ankle plantar 

flexion and kinetic variables. These are controlled by the muscle activation patterns of the 

plantar flexors. This is noted by the decreased activation of the GL and GM among FFS 

in the maximalist and stability shoes along with a decrease in ankle plantar flexion.1 This 

finding is supported by previous studies [67,71,72].  

 The other key factor that influences effect of running shoes on kinetics, 

kinematics, and muscle activation is overall muscular endurance. FFS and high mileage 

                                                 
1 FFS subjects also exhibited reduced GM activation in all conditions compared to RFS. Further 

investigation into why this occurred is warranted. 
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subjects were more likely to eliminate the TVGRF in the BF and minimalist shoes which 

suggest they are more capable of reducing their loading profiles. This is likely due to the 

increased muscular strength. It is known that FFS engage their plantar flexors more to 

promote their forefoot strike pattern. RFS had decreased GL and GM activation in the BF 

condition suggesting that despite their increase in plantar flexion, this is not coming from 

muscular strength but from some other mechanism (possibly knee stiffness) which has 

yet to be investigated. It also suggests that as RFS attempt BF running, their muscles will 

continue to fatigue and they may transition from a more plantar flexed position to a more 

dorisiflexed one. Interestingly, RFS had increased GM activation in the stability and 

maximalist shoes. This suggests that RFS may have to work harder and increase their 

muscle activation to push off while in these particular shoes.  

The results of this study show that among FFS there was a decrease GL activation 

in the maximalist and stability shoe. Among FFS there was also an increase in TA 

activation (responsible for dorsiflexing the foot) in the stability shoe. These trends, taken 

along with the decrease in ankle plantar flexion in the maximalist and stability shoe 

among FFS, suggest that over time FFS may transition their footstrike to a RFS pattern if 

they continue to use maximalist or stability shoes. FFS were also less likely to have a 

TVGRF. This is likely due to the increased strength of the plantar flexors which allow for 

force modulation and eccentric loading to decrease the loading rate [59,72,85]. 

High mileage subjects also showed increased muscular strength. High mileage 

subjects were more likely to reduce their TVGRF in the BF or minimalist condition. This 

suggests that high mileage subjects have increased muscular strength which prepare them 

for the loading rate modulations required in the BF and minimalist condition. Low 
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mileage subjects however, were more likely to eliminate their TVGRF in the cushioned 

shoes. This suggests that the shoe rather than the muscle strength is responsible for 

decreasing the TVGRF in low mileage subjects. Low mileage subjects also showed 

increased TA activation in all conditions compared to high mileage subjects. This 

suggests that although the current study did not show significant differences in ankle 

plantar flexion between high and low mileage subjects, low mileage runners are more 

likely to have a dorsiflexed foot upon landing had the collection runway been longer or in 

the fatigued state.  

The other variable of interest that may be altered with the use of shoes is 

pronation. The effectiveness of a shoe’s ability to reduce pronation is very much 

dependent on the shoe’s construction and the individual’s alignment and running style 

(RFS vs FFS). The minimalist and stability shoes trended towards decreased ankle 

eversion. The reduced ankle eversion in the minimalist shoe is likely due to the decreased 

cushioning and likely increased midsole hardness. Previous studies have shown a 

decrease in ankle eversion in hard soled shoes [94]. However, a RFS pattern appears to 

be more responsive to shoes with respect to ankle eversion. This is likely due to FFS not 

taking full advantage of the medial postings and midsole constructions since they strike 

with the front of their foot rather than the rear. Further investigation into FFS and their 

ankle eversion patterns are warranted. In addition further studies with various types of 

stability shoes and their effectiveness on FFS are also warranted. The selected stability 

and minimalist shoes decreased the ankle eversion in the pronator sub-group, though not 

statistically different than the neutral shoe. While previous studies have noted a 

difference in ankle eversion among controls and TSF patients [51,52], it is unclear how 
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much of a reduction in ankle eversion is necessary in order to reduce the risk of TSF. 

Furthermore, there was a trend towards decreased VILR in pronating subjects while in 

the neutral shoes. While only three subjects had data available for VILR in the neutral 

shoe, this suggest that among some pronating subjects this could be beneficial. An 

analysis including more pronating subjects in various stability shoes is warranted. In 

addition, follow up studies on the effects of various stability shoes in RFS and FFS are 

warranted to determine what shoes are best to reduce ankle eversion.  

RFS and FFS also responded differently with regards to ankle eversion and 

internal rotation. RFS tended to be more responsive to the various shoe conditions; this 

resulted in decreased ankle eversion in the minimalist and stability shoe for RFS. RFS 

also saw a decrease in ankle internal rotation in the minimalist shoe. FFS however were 

not as responsive to ankle eversion and internal rotation regardless of shoe type. In regard 

to ankle eversion and internal rotation, FFS exhibited less than 1 degree of change 

between all shod conditions. This suggests that the stability components of the stability 

shoe are not as effective among FFS runners. During the current study FFS showed less 

of a response in pronation based on shoe type. Muscle strengthening exercises may be 

beneficial for all pronators but especially for FFS who do not gain the benefit of the 

medial postings and midsole construction of stability shoes as noted by Yuksel et al. 

[138].  

In general, the results of the study suggest that when choosing running shoes 

runners should first be evaluated first for strike pattern then for pronation. Any significant 

increases in training mileage should also be considered as this will alter muscle activation 
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patterns and loading rates. A discussion of each shoe type is presented below; see 

Appendix G for detailed analysis of each variable in each shoe condition.  

 

Barefoot Condition 

 

 Based on the current study, BF running increases ankle plantar flexion, has little if 

any effect on ankle eversion, and may eliminate TVGRF in some subjects. However, BF 

running also increases VILR. Therefore BF running should be undertaken with caution 

and with proper technique. The transition to BF running should be done with caution and 

with a gradual increase in mileage and intensity. A rapid change in footstrike pattern 

(RFS to FFS) can lead to injury including plantar flexor strains and tendinopathy [67,71]. 

Also recall from Chapter One that there are two theories behind the cause of stress 

fractures: 1) muscle fatigue [9,12,17,30] and 2) muscles pulling on bone [9,16,17,28]. In 

either case, both the muscle and bone need time to adapt to the increased muscle 

activation needed to increase plantar flexion in the BF condition and thus 

eliminate/reduce the TVGRF. Also recall from Chapter One that the entire bone 

remodeling process takes approximately 180 days, and only around day 30 does the new 

bone matrix begin to appear causing an increase in bone strength [9]. Rapid increases in 

loading (either externally from mileage or internally by altered loading patterns from 

muscle activation) can cause TSF. BF or FFS running is also associated with its own set 

of challenges such as increased risk for metatarsal stress fractures [70]. A better solution 

may be to adopt the FFS pattern associated with BF running as noted by Shih et al. [71]. 

This would allow the benefits of BF running without risking damage caused by hard, 

uneven, surfaces. 
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Minimalist Shoes 

 

 The minimalist shoes selected for the current study do not behave significantly 

differently than the neutral shoes. The one possible exception is likely the decrease in 

ankle eversion and internal rotation among some subjects likely caused by the harder 

midsole compared to the neutral shoe. While for some subjects the minimalist shoe was 

effective at reducing the TVGRF this was not true for all runners or even a majority of 

runners. This suggest once again as shown by Squadrone et al. that the construction of 

minimalist shoes often dictates the effectiveness of mimicking BF running [69].  

 However for FFS, the selected minimalist shoes may offer an alternative to BF 

running and provide additional foot protection. The selected minimalist shoes (Nike Free) 

showed no difference in ankle plantar flexion compared to the BF condition among FFS. 

Among FFS there was also no significant change in ankle eversion or internal rotation 

compared to BF. Muscle activation levels were similar to the BF condition among FFS as 

well. Among the FFS (n = 9), six exhibited no TVGRF in any running condition and of 

the remaining three, one saw an elimination of the TVGRF in the minimalist shoe. 

Among FFS there was also no significant difference in the VILR between the BF and 

minimalist condition. While FFS are less likely to suffer from TSF by the nature of their 

running pattern (increased plantar flexion, decreased VILR, and decreased TVGRF) those 

who do suffer from TSF may wish to transition to a minimalist shoe to further encourage 

BF running habits. However further studies are necessary determine what type of 

minimalist shoe is best for FFS. Squadrone and Gallozzi  evaluated the effects of various 

BF-inspired shoes (Vibram FiveFingers) along with neutral commercially available shoes 

on habitual BF runners [79]. Further studies such as the study by Squadrone et al. with 
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various types of minimalist shoes with FFS instead of RFS are warranted [69] along with 

the use of EMGs to evaluate the changes in muscle activation patterns while running.  

Maximalist Shoes 

The results of the current study as well as previous studies [93,106,107] suggest 

that there is little difference between maximalist and traditional neutral cushioned shoes. 

The specific design features such as the “active foot frame” [123] of the chosen 

maximalist shoe (Hoka Bondi 5) likely decreased the amount of pronation that has been 

found in other studies regarding cushioned shoes compared to neutral [94,95]. The trend 

towards decreased plantar flexion among FFS suggests that the maximalist shoe may not 

be the best for FFS as it could result in a change in strike pattern. However further studies 

regarding the kinetics, kinematics, and muscular activities in a fatigued state are 

warranted to determine how maximalist shoes behave during endurance races.   

Stability Shoes 

The stability shoes were not different from the neutral shoes in most categories. 

However the stability shoes trended towards a decrease in ankle eversion though not 

statistically significant. This could be enough of a reduction in eversion to mitigate the 

pronation risk factor in some individuals. Previous studies have found that using a 

stability shoes reduces the injury risk for not only TSF but other running related injuries 

as well among pronators [92]. As such it may be beneficial for even slight pronators to 

use such a stability shoe to reduce their injury risk. The current study also suggested a 

trend towards decreased VILR among pronators compared to other shod conditions. 

However this is only beneficial for RFS as FFS are not as receptive to medial postings 
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and shoe hardness to affect their alignment as shown in the current study. This has also 

been noted by Hasegawa et al. who noted that the majority of shoes are constructed with 

RFS in mind rather than FFS whose running biomechanics are inherently different [66]. 

 With regard to future studies (further addressed in Chapter Five), runners should 

be evaluated for ankle pronation during their fatigued state to determine their ankle 

pronation and if they need ankle strengthening exercises or a stability shoes. Subjects 

have been shown to increase their eversion in the fatigued state [139].  

 Based on the results of the current study, stability shoes are not recommended for 

FFS since they do not help their alignment. Instead ankle strengthening exercises should 

be performed. RFS may wish to use stability shoes to reduce their pronation risk factor 

for TSF however the stability shoes did not appear to change the footstrike angle, muscle 

activation patterns, or kinetics compared to the neutral shoe. Therefore stability shoes 

appear to only be effective at reducing one risk factor of TSF.  
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CHAPTER FIVE 

Limitations, Future Works, and Significance 

Limitations 

There are several limitations to the current study. A wide range of subjects were 

recruited for this study; several only met the minimum requirements for the study 

(running at least twice a week, at least one mile each time) while others were elite 

runners who ran Ironman’s and marathons. The wide range of subjects and variations in 

kinematics and kinetics could have affected the results. While subjects were sub-divided 

by high and low mileage as per [130,131] this was only one portion of analysis. Previous 

studies have shown distinct kinematic differences between high and low mileage runners 

as well as gender [130,131] and age [137].  The small number of subjects in each group 

(high mileage n = 12; low mileage n = 11) prohibited the further sub-division and 

grouping based on strike pattern, alignment, gender, and age. Further sub-groupings of 

various runners should also be analyzed.  

Previous studies have also outlined the distinct differences between RFS and FFS 

as outlined in Chapter One. The current study grouped mid and forefoot strikers into one 

category. However even among these groups there are distinct differences [66]. More 

subjects are needed among both the MID, RFS, and FFS groups to obtain differences in 

the frontal and coronal planes. This is addressed further in the Future Works section 

below.  
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 There were also only a small number of subjects classified as pronators (n = 4). 

These subjects were classified as pronators based on the results of Milner et al. [52] who 

identified TSF patients as having an increased rearfoot eversion compared to healthy 

controls. The subjects classified as pronators in this study were classified as such based 

on ankle eversion rather than rearfoot eversion. Furthermore there was not a clinical 

diagnosis for pronation among these subjects. Further classification of patients as 

pronators or having high arches should be included in future studies with the assistance of 

a physician or physical therapist.  

 Another limitation of the study was the short study duration. Researchers wanted 

to ensure that subjects were not in the lab for more than two hours. Because of this, 

subjects were in each pair of shoes for less than ten minutes. Prior to each shoe 

collection, subjects ran on the treadmill for two minutes to become accustomed to the 

shoes. However this may not have been enough time to acclimate. While some studies 

have noted that it is possible to adapt to BF running in as little as 30 seconds [76] other 

studies disagree [87] or say that longer adaptation periods are warranted [101]. Future 

studies should focus on either intervention studies or fatigue studies as outlined below.  

 Another limitation was the collection space. The Baylor Biomotion Lab was not 

designed with running studies in mind and the running track available for the study was 

only 12.5 m in length. Most other studies used longer tracks at least 20 m in length 

[78,80,89] or a treadmill. This short track could have prevented subjects from reaching 

their normal stride pattern before being forced to stop the trial. While other studies have 

used a treadmill, there are known differences between the kinematics in treadmill and 

overground running [140–142]. Time and space constraints also prevented the subjects 
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from running at their preferred pace. Subjects’ normal running pace varied from a 6:30 

min/mile to a 10:30 min/mile. This could have affected the subject’s normal running 

cadence. However the researchers felt that if the subjects ran faster than the dictated 3.35 

m/s they would have difficulty coming to a stop on the short track and this could cause 

injury or equipment damage.  

 There were some EMG collection anomalies during the experimental trials 

resulting in reduced sets of valid EMG data.  Part of the issue appears to have been the 

method to further hold the EMGs in place during the study.  Not only were EMGs 

attached with double sided adhesive, but they were also taped down with athletic 

tape/wrap to ensure they did not fall off during the two hour study as the subjects ran and 

began to sweat. This meant that if the sensors became detached from the electrodes at any 

point, the researchers were not aware of this problem until the end of the study and the 

markers, EMGs, and tape were removed. A better taping method should be used in the 

future or a new EMG system to that is used for running with smaller sensors.  

 Another limitation included the order of shoe testing. When the study was 

designed, the neutral shoe was the baseline and it was decided to test this shoe first to set 

that baseline. Upon analysis researchers found that almost all conditions showed an 

increase in whatever variable was being analyzed compared to neutral. This could be 

because during the neutral testing the subjects were not warmed up enough and this 

skewed the data.  
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Future Works 

 

Available Data 

 

 The results of the current study provide an interesting first look at the lower limb 

below-knee kinematics, kinetics, and muscle activations of various shoes. However, more 

data for the current study is available and should be analyzed. Increased hip adduction 

[51,52] and external rotation [60] have also been identified as risk factors for TSF. While 

full analysis of these variables is outside the scope of this thesis, initial results are 

available in Appendix F. In addition joint stiffness should also be analyzed. Knee and leg 

stiffness has been identified as a risk factor for TSF [45,59]. The hip and ankle joint 

should also be included in the analysis to provide a full picture of lower body joint 

stiffness in various running conditions.  

 Furthermore the current data should be analyzed using more quantitative methods 

of analyzing footstrike. The current study utilized the sagittal plane high speed cameras to 

detect footstrike pattern [66,73,129]. While an adequate starting point for the current 

study, further investigation of the data is warranted using either kinetics [133] or 

kinematics [134] to quantify footstrike pattern.  

 Further investigation of the various impact loads and how to quantify and classify 

individuals is also warranted. As mentioned in Chapters Three and Four, the individuals 

did not have TVGRF in any condition while some only had it in some shoes. These 

individuals should be further analyzed to determine what if any kinematic and muscular 

activation patterns warranted this change. Specific attention should be paid to those 

individuals who did not present with a TVGRF in any condition. A further sub-group of 

runner with and without TVGRF may also be created for analysis.  
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Along with analysis of the knee and hip, the muscle activation of the BiF and RF 

should also be evaluated. Muscle activation data should also be synced with kinematic 

timing to determine when muscles activate in relation to different phases of the running 

cycle. The timing and strength of various muscle contractions could lead to increased 

torsion and bending stresses along the bone and lead to TSF [9,17,28]. 

The data gathered during this study can also be used to tread various other 

pathologies. Femoroacetabular hip impingement is caused by increased femoral rotation 

inside the acetabulum that causes lesions of the acetabular cartilage and labrum [143]. 

This pathology is common in young, active individuals often after a minor injury [143]. 

This may be fixed by either surgical methods [143], bracing, or orthotics (the Baylor 

Biomotion Lab currently has an IRB open studying the use of a brace to reduce hip 

internal rotation). It is possible that one of the tested shoes (particularly the stability 

shoes) could reduce the hip internal rotation and thus decrease hip impingement (see 

Appendix F for preliminary results for hip internal rotation). Other common running 

injuries such as patellofemoral pain syndrome, plantar fasciitis, and iliotibial band 

syndrome should also be investigated [144].  

Fatigue Studies 

The current study acts as a building block for further investigation into fatigue 

studies. Future studies evaluating the effectiveness of shoes on reducing the risk of TSF 

should be performed when runners are in a fatigued state. Previous studies have evaluated 

the changes in kinematics and kinetics after a marathon [145]. While these studies are 

difficult to recruit and involve significant amounts of time, dedication, and resources they 

are valuable at determining the effect of shoes on a runner during their normal training 
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and racing settings. Previous studies have already noted changes in ankle dorsiflexion 

[30], rearfoot eversion [30], increased tibial rotation [30], pronation [139], hip adduction 

velocity [30], muscle imbalances between agonists and antagonists [146], tibial 

acceleration [146], VILR [30], and TVGRF [30] in fatigued or exhausted states.  

 Previous studies by Dierks et al. evaluated the effect of running in an exerted state 

on the joint kinematics and joint timing in healthy recreational runners [30]. The authors 

found that as runners fatigued they showed increased rearfoot eversion, increased peak 

internal tibial rotation, and increased peak hip adduction velocity [30]. The authors also 

noted that the increased rearfoot eversion has also been linked to a decrease in TA 

strength, preventing the eccentric eversion control during stance [147]. The TA also 

controls eccentric dorsiflexion which was reduced at the end of the run [30]. Since 

eversion and tibial rotation are linked as the TA fatigues this results in an increase in 

tibial rotation [30]. Since the stability and minimalist shoes showed a decrease (though 

slight) in ankle eversion and tibial rotation, these shoes should be investigated under 

fatigued or exerted conditions especially among pronating subjects. Furthermore a wide 

range of stability/motion control shoes should be tested to provide information about the 

variety of brands and category combinations (i.e. maximalist stability, minimalist 

stability) that are best for individuals with TSF.   

 The muscles themselves should also be analyzed in the fatigued state to determine 

how the various shoes affect the muscle activation levels and timing. Previous studies by 

Mizrahi et al. evaluated the effects of muscle fatigue on the ankle plantar/dorsiflexors and 

the effect of fatigue on shank acceleration [146]. The authors found that when subjects 

were fatigued there was an increase in shank acceleration as well as an increase in the 
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mean power frequency (MPF) of the gastrocnemius and a decrease in the MPF and 

integrated EMG (i-EMG) of the TA [146]. Since bone is weaker in tension than 

compression bone works to protect itself from excessive tensile stress [146]. Antagonistic 

muscles do this by co-contracting with the agonists (TA and GAS) [146]. This provides 

protection to the bone by stabilizing the lower leg at heelstrike, acting as shock absorbers, 

and converting non-axial bending stresses to axial and compressive stresses (compound 

bending) [146]. When muscle imbalances occur the muscles cannot properly protect 

against these forces. This is especially evident at heelstrike since there was an increase in 

tibial acceleration as the muscles fatigued [146]. Various shoes, especially the maximalist 

and minimalist shoes, should be evaluated on their ability to lessen muscle fatigue as well 

as their ability to reduce the impact loading and loading rate under the fatigued condition.  

 A previous study by Weist et al. also evaluated the changes in plantar loading and 

muscle activity in a fatigued induced run [139]. While their study focused mainly on 

metatarsal loading and metatarsal stress fractures, the authors also found that the calf 

muscles (peroneus, SOL, GM, and GL) saw a significant decrease in activation when 

subjects were fatigued [139]. The authors stated that decreased activation of the calf 

muscles may cause an increase in pronation and reduce the shock-absorbing ability of the 

muscles to the loading response in the midfoot [139]. Running shoes should work to 

reduce pronation most importantly in the fatigued state when the stabilizing muscles of 

the calf are weakened [139]. Therefore the shoes in future studies should also go similar 

evaluation on their effect on pronation while runners are in the fatigued state. Shoes of 

particular importance in a study like this include the stability and maximalist shoes.  
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Gait Retraining Studies 

 

 Previous studies have shown various methods of gait retraining with continued 

results up to one month after training has ceased [136,148]. Studies involving the use of 

accelerometry biofeedback, modification of strike pattern, and modification of stride rate 

have all shown promise [12]. Such gait retraining studies could benefit those suffering 

from TSF.  

 Azevedo et al. evaluated the effect of a sixteen week BF training regimen on 

lower limb muscle activation and kinetics on habitually shod runners [119]. The authors 

found that upon the first attempts at BF running the impulse was higher than in the shod 

condition but was reduced over time and at the end of the sixteen week program resulted 

in impulse forces similar to that of shod running [119]. Furthermore these kinetic changes 

were further reduced when the runners returned to their normally shod condition [119]. 

BF running also reduced the activation of the TA and GL compared to shod running 

[119]. Reduced muscular activation in the GL when shod running, reduced activation in 

GL, TA in BF running [119]. This reduced activation could be due to reduced impact 

forces and improvement in the stretch-shortening cycle of gait (improving elastic energy) 

[72,149,150]. These decreases in muscle activation and kinetic forces are beneficial at 

reducing injury risk [144,151–153]. The results of this study suggest that that BF training 

improves shock attenuation when BF and shod [119]. This suggests that there BF training 

may reduce injury risk and improve bone/muscle protection even when returning to shod 

running [119].  

 Crowell and Davis measured the effect of an acclerometry feedback retraining 

program [136]. Subjects with high tibial accelerations (greater than 8g) used in the 
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retraining study [136]. The authors placed an accelerometer on the anterio-medial distal 

portion of the tibia and patients were given immediate feedback on a display in front of 

them during the test [136]. During the first session a line at 50% of peak positive tibial 

acceleration (PPA) was displayed [136]. The reduction in PPA would reduce the tibial 

acceleration to within one standard deviation of un-injured controls [136]. Subjects told 

to “run softer” to decrease tibial acceleration [136]. During the study run time increased 

from 15 to 30 minutes during the first eight sessions (two week time frame) [136]. 

However feedback was provided over the first four sessions with feedback slowly 

removed during the last four sessions [136]. Feedback was slowly reduced to only one 

minute of feedback at the beginning, middle, and end of the session [136].  After the first 

phase of retraining in the lab with the feedback monitor, subjects were told to resume 

their usual training schedules and return after one month for a follow up session [136]. 

After the eight training sessions subjects saw a significant reduction in PPA, vertical 

instantaneous loading rate (VILR), and vertical average loading rate (VALR) [136]. 

There was also a trend toward lower vertical impact peak (VIP) [136]. These trends were 

also seen at the one month follow up including the reduction in VIP [136]. There were no 

differences between the immediate post training sessions and the one month follow up 

[136]. The authors concluded that gait retraining using visual feedback of tibial 

acceleration appeared to be effective at reducing loading at one month post training 

bringing the high impact subjects within the loading values of the un-injured subjects 

[136]. Previous studies have shown that reductions in PPA, VILR, VALR, and VIP are 

possible using orthoses or different shoes [89,154–157] but the study by Crowell and 

Davis showed greater decreases in these variables using gait retraining [136]. The use of 
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reduced feedback throughout the training session most likely assisted in the retention of 

the gait changes at the one month follow up requiring subjects to rely on internal cues to 

modify their loading patterns [136]. However, small though statistically insignificant 

increases in several variables were evident at the one month follow up which could 

suggest that a longer training session is necessary [136].  

 Willy et al. measured the effectiveness of a step-rate monitor as an in-field gait 

retraining tool to reduce the risk of TSF in healthy runners [148]. Before the training 

sessions (PRE) subject were brought into the lab for a biomechanical evaluation 

including measurements of kinetics and kinematics on a treadmill [148]. The subjects’ 

current stride rate (SR) was measured and was used as the key training tool [148]. 

Garmin FR70s along with foodpods were distributed to runners in the retraining group 

(RT) [148]. The Garmin FR70 and footpod worked to provide instant feedback on the 

subject’s SR [148]. Subjects were asked to increase their SR by 7.5% during their next 

eight training runs [148]. Willy et al. also used the reduced feedback method; runs 1-3 as 

well as 5 and 7 provided SR feedback while runs 4,6 and 8 did not [148]. After eight 

normal training runs subjects returned to the lab for their POST training evaluation [148]. 

Then the subjects returned to their normal training schedules without feedback for 30 

days and performed a final biomechanical evaluation [148]. The authors found that there 

was a significant increase in SR, reduced VILR, VALR, and peak hip adduction in the 

POST session compared to PRE [148]. At the one month follow up subjects also saw a 

significant increase in SR, reduced VILR, reduced VALR, and peak hip adduction [148]. 

The RT and controls showed significant differences in SR, VILR, and VALR at the 

POST evaluation and 1 month follow up evaluation [148]. The authors concluded that a 
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small increase in SR (7.5%) showed significant changes in VILR, VALR, and peak hip 

adduction that could reduce the risk of TSF [148] . These changes were maintained at one 

month follow up and the majority of RT subjects maintained their increased stride rate 

after one month  [148]. In a 2009 study by Edwards et al. the authors generated a 

probabilistic stress fracture model for runners that showed a 10% decreases in stride 

length (along with a 10% increase in SR) could reduce impact forces placed on the tibia 

[49]. These reduced impact on the tibia along with the reduced peak hip adduction could 

reduce the bending forces on the tibia thus reducing the risk of TSF [51,148].  

Future studies evaluating the use of specific shoes to reduce the risk of TSF 

should involve a gradual “step down” approach and focus on gait retraining. As outlined 

in Chapter One, Shih et al. concluded that strike pattern was more important than the 

condition (shod or BF) [71]. The S-FFS showed an increase in shock absorption while 

BF-RFS places the individual at increased risk for injury [71]. The FFS pattern also 

allows for increased lower extremity compliance [71]. However  care must be taken when 

adapting to the FFS pattern [71]. FFS causes increased activation of GAS which places 

greater load on the muscle which could lead to injury [71]. The adoption of a FFS pattern 

will reduce the TVGRF (if not eliminating it altogether as seen in several FFS in this 

study). While BF running may not be possible depending on the road/surface conditions 

of some runners, minimalist shoes when used properly could allow a runner to gain the 

benefits of BF running while providing more foot protection. Before transitioning to 

minimalist shoes, however, subjects should focus on strengthening their plantar flexors 

and gradually transitioning to a FFS pattern in their current shoes either thru step rate 

modification [148] or a graduate change in BF running volume and surfaces while BF 
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[119]. A slow transition to FFS pattern will allow muscles and bone to strengthen and 

reduce the risk of MTSS, TSF, and other running induced injuries brought about by too 

rapid a change in technique [70]. In pronating individuals, the use of stability shoes do 

not appear to have as much effect on reducing pronation (Fig. x). Therefore strengthening 

of the ankle inversion/eversion muscles is warranted in addition to strengthening the calf 

muscles [138]. Once a consistent FFS pattern is achieved, the runner may wish to switch 

to a BF inspired shoe (such as Vibram FiveFingers) or other minimalist shoe to continue 

to encourage FFS. 

 

Creation of Product 

 

 The Willy et al. study successfully showed that SR manipulation is one way to 

provide in-field gait retraining using a footpod and GPS display [148]. Other alternatives 

may already exist or should be investigated. One such option is the use of a 

footpod/pressure sensor that evaluates the subject’s strike pattern. While an increase in 

stride rate is linked to an increase in ankle plantar flexion upon landing, a FFS pattern is 

not guaranteed. A device that is able to give real-time feedback on a runner’s strike 

pattern is beneficial for anyone wishing to change their gait. A device that alerts the 

wearer if more than ten RFS in a row occur could provide feedback to the runner and 

cause a change in their strike pattern.  

 

Final Conclusions and Significance 

 

 This study provides an initial look at the effects of various commercially available 

running shoes on their effects on reducing known risk factors for TSF. Upon initial 

investigation it appears that shoe type does not have a significant effect on the risk factors 
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for TSF. However it appears that footstrike pattern and alignment are more indicative of 

TSF and ways to reduce injury risk. 
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APPENDIX A 

 

Detailed Report of Previous Studies 

 

 

The following sections provide a more detailed summary of studies presented in the body 

of the report.  

 

Barefoot  

 

 

Olin and Gutierrez [70] 

 

 Olin and Gutierrez [70] evaluated the tibial shock and muscle activation during 

the initial transition between shod to barefoot (BF) running. The authors recruited 

eighteen runners for this study [70]. All runners were RFS and ran at least 20 km/wk (12 

mi/wk) [70]. Researchers placed surface EMG (Delsys Inc., Boston, MA) on the tibialis 

anterior (TA) and medial gastrocnemius (MG) [70]. This study utilized an accelerometer 

(Kistler Instrument Corp., Amherst, NY) and a custom-built electrogoniometer [70]. 

Subjects performed a five minute warm-up on a stationary bike before running on a 

treadmill (Trackmaster, Mountain View, CA) at a self-selected speed [70]. Subjects ran 

for three seven-minute sessions: shod (shoe brand and model not given) with their typical 

RF pattern (S-RFS), BF with their typical RF pattern (BF-RFS), and BF with a forefoot 

strike (FF) pattern (BF-FFS) [70]. Olin and Gutierrez [70] found that the greatest tibial 

shock was found in BF-RFS followed by the S-RFS and BF-FFS. However, there was no 

statistically significant difference between the tibial shock of S-RFS and BF-FFS [70]. 

The ground contact time was greatest in the S-RFS condition, followed by the BF-RFS 
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condition, and finally the BF-FFS condition[70]. Olin and Gutierrez [70] also found the 

knee flexion at touchdown was greatest in the BF-FFS condition, followed by the BF-

RFS condition, and finally the S-RFS condition. Maximum knee flexion was greatest in 

S-RFS condition and lowest in the BF-FFS condition. The S-RFS condition utilized an 

increased knee ROM [70]. TA activation was greatest in the S-RFS, followed by the BF-

RFS, and finally the BF-FFS condition. MG activation was greatest in both BF conditions 

followed by the S-RFS [70].  The increased tibial shock in the BF-RFS conditions 

indicated that the initial transition to BF running can cause an increased risk of overuse 

injuries [70]. The authors stated that the differences in tibial shock indicated that runners 

should use caution until they have adapted the new FFS technique associated with BF 

running [70]. The decreased time to peak shock in the BF-RFS conditions compared to 

the other conditions were likely caused by the lack of shock attenuation from shoe 

cushioning and FFS pattern [70]. The forces from the strike then traveled up the kinetic 

chain more quickly when BF [70]. The decreased time to peak shock in the BF-RFS 

condition indicated an increased vertical loading rate [70]. This increased vertical loading 

rate can lead to an increased risk of stress injuries if the impact is not dissipated [70]. The 

kinematic and kinetic changes at the knee when BF were characterized by shorter, 

choppier strides when normally shod RFS were asked to BF-FFS [70]. This is also 

evident by the decreased ground contact time when BF [70]. The variations in stride 

likely mean that the BF-FFS technique requires an adaptation period [70]. The increased 

knee flexion during the BF-FFS compared to shod RF was likely caused by the need to 

absorb the additional impact in the BF condition [70].1 This increased activity of the 

                                                 
1 Knee flexion can be used as an indirect measurement of muscle activity of the proximal leg 

muscles (vastus medialis, vastus lateralis, and rectus femoris) [70]. 
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proximal muscles could also lead to upper leg fatigue while BF [70]. The increased TA 

activity in the S-RFS position indicates the increased dorsiflexion of the ankle during S-

RFS [70]. The heel padding and RFS require further dorsiflexion of the foot in order to 

clear the ground when running shod [70]. However increased TA activity while S-RFS  

could cause increased TA fatigue and further injuries often seen in RFS [70]. The 

increased activation of the MG during BF was likely since the subjects were all heel 

strikers and their bodies had adapted to this activity [70]. The MG may have been active 

for longer bursts of activity during barefoot conditions [70]. This is indicated by the 

increased EMG activity but no significant increase in the peak EMG activity [70]. This 

indicates that the firing of the muscle was less efficient [70]. The decreased efficiency 

can also lead to muscle overuse injuries [70]. Olin and Gutierrez [70] concluded that the 

transition from S-RFS to BF-FFS requires that the runner be informed of the correct 

technique and ensure that the leg is able to properly absorb the loads upon impact. 

Disregard for this information could lead to stress injuries [70]. 

Divert et al. [83] 

Divert et al. [83] evaluated the muscular and mechanical differences of BF and 

shod running. The authors also evaluated how these differences relate to metabolic cost. 

The authors recruited thirty-five runners for this study [83]. All runners exhibited a RFS 

pattern [83]. This study utilized a treadmill dynamometer (ADAL 3D, HEF-Tecmachine, 

Andrezieux-Boutheon, France) and EMG (Noraxon, Scottsdale, AZ) [83]. Researchers 

placed surface EMGs on the tibialis anterior (TA), peroneous (P), SOL (S), and medial 

and lateral gastrocnemius (MG and LG) [83]. All subjects ran on the treadmill at 3.33 m/s 

both BF and in a neutral running shoe (brand and model not listed) for four minutes [83]. 
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Divert et al. [83] found that the stride time, contact time, flight time, and push-off time all 

increased in the shod condition. Subjects also had a decreased vertical ground reaction 

force when BF compared to shod [83].  The authors also found that the pre-activation of 

the SOL and both gastrocnemius increased when BF [83]. The authors noted that the 

change in stride timing suggests that the stride rate increased when BF [83]. This was 

likely due to an attempt to reduce the impact forces [83]. The authors noted that sustained 

treadmill running could have caused runners to reduce the impact peaks compared to 

other studies when running over ground [83]. It is likely that subjects transitioned toward 

a FFS technique as exhibited by reduced impact forces and increased pre-activation of the 

plantar flexors [83]. The authors concluded that the reduced peak impact as well as 

increased stride rate could enhance the energy storage in the ankle extensors while BF 

[83].  

 

Strauts et al. [101] 

 

 Strauts et al. [101] evaluated the changes in kinematics and muscle activations 

when habitually shod, rearfoot strikers (RFS) run barefoot (BF). The goal was to 

determine if these changes persist after returning to shod running after 30 minutes of BF 

running [101]. Six RFS runners were recruited for this study [101]. A fourteen-camera 

motion capture system (Motion Analysis Corp., California, USA) and surface EMGs 

were utilized for this study [101]. EMGs were placed on the tibialis anterior (TA), medial 

and lateral gastrocnemius (MG and LG), vastus lateralis and vastus medialis (VL and 

ML), biceps femoris (BiF), and rectus femoris (RF) [101]. Subjects performed maximum 

voluntary contractions (as per [108]) to determine maximum muscle strength before the 

trials [101]. Subjects ran BF and in neutral running shoes (Asics Gel Kanbarra 5,Asics, 
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Chūō-ku, Kobe, Hyōgo Prefecture, Japan) [101]. Subjects ran on a treadmill (FQTM250, 

Fitquip, Australia) at a self-selected pace: five minutes shod, followed by three 

continuous ten minute intervals of BF running, and finally five minutes shod [101]. 

Strauts et al. [101] found that subjects were slower when running BF than shod. The 

authors also found that the hip experienced decreased anterior pelvic tilt and hip flexion 

during foot contact when BF and during the second shod condition [101]. Subjects also 

experienced decreased trunk ROM when BF at initial contact, decreased trunk ROM 

when BF at push-off, and decreased pelvic ROM when BF at push off [101]. The authors 

found that the knee experienced decreased ROM when BF during the swing phase of gait, 

as well as decreased knee ROM when BF at initial contact [101]. Strauts et al. [101] 

found no significant changes in ankle angle at footstrike between the shod-pre condition 

and all BF time segments [101]. During the BF portion of the study, there was a non-

significant but slight decrease in ankle dorsiflexion [101]. However once the subjects 

returned to the shod condition, the ankle was significantly more dorsiflexed than the BF 

time segments [101]. Strauts et al. [101] also found decreased activation of TA, SOL, 

VM, GL, and BiF when BF. These trends persisted in the second shod running condition. 

The decreased activation of the TA was seen during pre-activation and initial contact 

[101]. The decreased activation of MG and LG, VM, and BiF were seen during push off 

[101]. The authors noted that the subjects decreased their speed when BF (although 

increased slightly after two minutes of adaptation) [101]. Runners maintained a RFS 

pattern which could be due to slow speed or short duration [101]. The authors stated that 

the pelvis had decreased anterior tilt when BF and which was maintained during the 

second shod trial [101]. However, the ankle dorsiflexion changes were not significant 
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[101]. This finding suggests that kinematic adaptations occurred proximally [101]. These 

results could also be due to soft treadmill; more significant changes could be possible on 

harder surfaces [101]. The BiF had constant decrease throughout the running cycle [101]. 

This could be based on footstrike pattern not footwear [101]. Changes in the BiF 

followed those of the pelvis and hip [101]. The TA had decreased muscle activation 

throughout the gait cycle [101]. This indicates possible early changes to the footstrike 

pattern [101]. Despite the lack of statistically significant changes, the authors concluded 

that a gradual transition FFS pattern is possible during 30 minutes of BF running [101]. 

The authors also stated that some of the kinematic and muscular changes persist after 30 

minutes of BF running and a return to shod running [101]. 

 

Kerrigan et al. [82] 

 

 Kerrigan et al. [82] evaluated the effects of standard (Brooks Adrenaline, Brooks, 

Bothell, WA) running shoes on lower extremity joint torques while running. The authors 

recruited sixty-eight runners for this study [82]. All subjects ran at least 24 km/wk (15 

mi/wk) [82]. This study utilized a ten-camera motion capture system (Vicon Peak, Lake 

Forest, CA) and an AMTI instrumented treadmill (AMTI, Watertown, MA) [82]. 

Subjects ran at the same self-selected pace both BF and shod [82]. Kerrigan et al. [82] 

found that the subjects experienced large torque increases especially on internal hip 

rotation, knee flexion, and knee varus torques when running shod compared to BF. The 

shod running condition caused an increase in hip adduction torque, knee internal rotation 

torque, and ankle internal rotation torque compared to BF [82]. Kerrigan et al. [82] 

concluded that the torque increases found when running shod were likely due to the 

increased material on the medial portion of the shoe as well as the elevated shoe height. 
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In addition, the authors postulated that the increased knee flexion torque resulted in an 

increase in the work performed by the rectus femoris, increase patellar tendon strain, and 

increase patellofemoral joint pressure [82]. Furthermore, increased varus torque could 

lead to increased compressive loading on the medial portion of the tibiofemoral joint 

[82]. This in turn could lead to an increased risk for osteoarthritis (OA) [82]. The 

increased hip internal rotation could also be linked to increased OA in the hip reported by 

others [82]. Kerrigan et al. [82] concluded that while heel cushioning and medial support 

has become the industry standard, these supports could inhibit the natural foot movement. 

The authors stated that heel cushioning has little if any affect mid-stance and does not 

affect the timing of peak GRF, the peak joint torques, or the peak joint contact forces 

[82]. Kerrigan et al. [82] concluded that custom footwear has been shown to be beneficial 

and would be more suited for each runner. However, the findings of this study should be 

reviewed with caution. The shoes the authors chose for this study were Brooks 

Adrenaline shoes (Brooks, Bothell, WA) which are classified as stability shoes and are 

not an accurate representation of standard neutral running shoes with no motion control / 

stability features [158].  While most modern shoes do have features to reduce eversion 

[54] the Brooks Adrenaline provide stability beyond what is typically in a standard

neutral shoe. Since the authors did not categorize their subjects as “neutral”, “pronators,” 

or “low arched”, the Brooks Adrenaline shoes may not have been the best shoes for the 

individuals in this study or an accurate representation of the industry standard neutral 

shoe. Therefore, the resulting kinematic differences may not be the same for all 

individual wearing this type of stability shoe. This shoe is intended for those who need 



123 

 

extra stability and support when running. Use of stability shoes when not required could 

lead to over rotation and varus alignment which could cause injury. 

 

Shih et al. [71] 

 

 Shih et al. [71] evaluated the effects of various strike patterns while BF or shod. 

The authors also wanted to determine if it is strike pattern or actual BF running that gives 

the benefits of BF running [71]. Twelve habitually shod, rearfoot strikers (RFS) were 

recruited for this study [71].  Subjects ran under four conditions: 1) barefoot while 

rearfoot striking (BF-RFS); 2) barefoot while forefoot striking (BF-FFS); 3) shod while 

rearfoot striking (S-RFS); and 4) shod while forefoot striking (S-FFS) [71]. Subjects were 

provided the same brand and model of running shoes [71]. Subjects performed one 

minute of running followed by two minutes of rest following each trial [71]. A high speed 

video camera (brand and model not listed) was used to capture footstrike pattern [71]. 

Ten Vicon Cameras were used along with the Plug-In Gait marker set to track kinematics 

[71]. Four load cells (Delta Transducer, India) were placed under the treadmill [71]. 

EMGs (Biopac) were placed on the rectus femoris (RF), tibialis anterior (TA), biceps 

femoris (BF), and gastrocnemius (GAS) [71]. The FFS pattern decreased the loading rate 

when both BF and shod [71]. BF-RFS generated loading rates higher than S-RFS [71]. 

Continual BF-RFS could lead to injury [71]. Kinematics were affected by landing pattern 

as well as running condition (shod or BF) [71]. Ankle angle was affected by strike 

pattern; FFS is associated with an increase in increased plantar flexion [71].The knee 

angle was more flexed when FFS and to allow greater cushioning and compliance when 

running [71]. This along with the hip can compensate for the increased plantarflexion 

during FFS [71]. There was increased activation of the GAS when FFS during pre-
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activation and stance phases [71]. However excessive loading of the muscle could cause 

injuries [71]. The use GAS for training and for cushioning during running but may also 

cause tendonitis in the posterior tibialis or Achilles if training is excessive [71]. When 

evaluating shod runners with FFS they exhibited an over stride (increased distance from 

landing point to vertical projection of COM) [71]. An increase in stride length with FFS 

causes larger external momentum. This suggests that runners may need time to adapt to 

FFS pattern [71]. Shih et al. [71] concluded that strike pattern was more important than 

the condition (shod or BF). The S-FFS showed an increase in shock absorption while BF-

RFS places the individual at increased risk for injury [71]. The FFS pattern also allows 

for increased lower extremity compliance [71]. However  care must be taken when 

adapting to the FFS pattern [71]. FFS causes increased activation of GAS which places 

greater load on the muscle which could lead to injury [71].  

Von Tscharner et al. [80] 

Von Tscharner et al. [80] evaluated the intensity of EMG signals in the tibialis 

anterior (TA) during RFS while shod and barefoot (BF). The authors recruited forty male 

runners for this study [80]. All subjects ran at least 25 km/wk (15 mi/wk) [80]. This study 

utilized EMGs (Noromed Inc., Seattle, WA, USA) and a force plate (Kistler Instrumente 

AG, Winterthur,Switzerland) [80]. Researchers placed EMGs on the tibialis anterior (TA) 

[80]. Subjects ran in three running conditions: barefoot (BF), in neutral shoes (Adidas, 

model not listed), and in stability shoes (Adidas Super Nova, Adidas, Herzogenaurach, 

Germany) [80]. Subjects ran across a 30m runway at 4.0 m/s with a RFS pattern [80]. 

Von Tscharner et al. [80] found increased TA activity before heelstrike in both shod 

conditions. The authors also found increased TA activity after heelstrike when barefoot 
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[80]. Von Tscharner [80] concluded that the increased TA activity pre-strike caused 

forefoot elevation and muscle tuning for impact. The TA muscle activity decreases 

throughout the stride to allow for firing of medial and lateral gastrocnemius [80]. The 

gastrocnemius then stiffen the ankle for toe-off [80]  . 

 

Fleming et al. [76] 

 

 Fleming et al. [76] examined immediate muscular, kinetic, and kinematic effects 

of barefoot (BF) running on novice BF runners. The authors also examined the effects of 

velocity changes across BF and shod running [76]. The authors recruited ten male runners 

with no previous BF or minimalist shoe experience for this study [76]. This study utilized 

the subject’s normal running shoes [76]. The study also utilized a high speed camera 

(Panasonic 3CCD, Kadomma Japan), a treadmill (Proform 700, ZLT) with an embedded 

force plate (Kistler, Winterthur, Swizerland), and EMG (Trigno wireless system; Delsys 

Inc, Boston, MA) [76]. Researchers attached EMGs to the rectus femoris (RF), vastus 

lateralis (VL), biceps femoris (BiF), medial gastrocnemius (GM), lateral gastrocnemius 

(GL), and tibialis anterior (TA) [76]. Subjects ran at three velocities for this study: 3.13 

m/s (V1), 3.80 m/s (V2), and 4.47 m/s (V3) [76]. Subjects had a five-minute recovery 

period between running velocities[76]. Gait type was not instructed (RFS, Mid, or FFS ) 

[76]. Fleming et al. [76] found an increase in ankle angle at the initial contact and toe off 

between shod and BF conditions as well as an increase in ankle angle between V1 and V3 

when BF [76]. The authors also found an increased knee angle at initial contact when BF, 

increased knee angle at initial contact at between V1 and V3 when BF, and decreased 

knee ROM when BF compared to shod at all speeds [76]. The authors found increased 

hip angle at initial contact at V2 and V3 when shod and barefoot, an increased hip angle 
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at toe off at V2 and V3 when shod and barefoot, and decreased ROM when BF compared 

to shod at all speeds [76]. Fleming et al. [76] found increased stride frequency when BF 

at all speeds as well as increased stride frequency when shod at all speeds. In addition, 

the authors found decreased stride duration when BF at all speeds as well as decreased 

stride duration when shod at all speeds [76]. The authors found decreased ground contact 

time (GCT) at V2 and V3 when BF and decreased GCT when barefoot compared to shod 

at all velocities [76]. The authors also found decreased GCT when shod at V2 and V3 

[76]. The normalized ground contact time decreased when both barefoot and shod at V2 

and V3 [76]. During pre-activation of the gait cycle the authors found increased 

activation of RF at V2 and V3 when BF, increased activation of GM at V1 and V3 when 

barefoot, increased activation of BiF at V3 when BF and shod, increased activation of GL 

at all velocities when BF, as well as decreased activation of the TA when BF at V1 and 

V2 [76]. During the absorptive phase of the gait cycle the authors found increased 

activation of RF at V3 when both barefoot and shod, increased activation of BiF at V3 

when barefoot and shod, and increased activation of GL at V3 when barefoot and shod 

[76]. During the propulsive phase of the gait cycle the authors found increased activation 

of the RF at V3 when barefoot and shod, increased activation of the VL at v3 when both 

barefoot and shod, increased activation of the BiF at V3 when both barefoot and shod, 

and increased activation of the GL at V3 when both BF and shod. [76] Fleming et al. [76] 

concluded that kinematic, muscular, and spatiotemporal variables were altered in as little 

as 30 seconds of BF running. These changes led to increased ankle ROM, reduced knee 

ROM, and reduced hip ROM during absorptive phase [76]. The reduced knee and hip 

ROM were demonstrative of the increased leg stiffness when BF [76]. Increased stride 



127 

 

frequency and reduced ground contact time also influenced the leg stiffness [76]. While 

knee and hip ROM decreased, ankle ROM increased [76]. This resulted in greater ankle 

loading [76]. Running BF resulted in increased ankle plantar flexion to create a FFS 

pattern [76]. This led to reduced impact and high loading rate found with RFS pattern 

[76]. The increased activation of the GM and GL coupled with the reduced activation of 

the TA led to increased plantar flexion during landing [76]. Kinematic ankle variations 

were consistent across velocity, which suggested lower velocity is better for transitioning 

to BF running since it places less force on the tibia [76]. The authors noted increased 

knee stiffness due to an increased activity of the knee extensors (VL and RF) during 

absorption phase of stride [76]. These were increased at all velocities but not statistically 

significant [76]. The time to peak flexion decreased during BF [76]. This indicated 

runners spent less time braking and more time propelling themselves forward when BF 

[76]. This finding supports the concept that BF running is inefficent [76]. Fleming et al. 

[76] concluded that EMG and joint kinematics change in as little as 30s of BF running 

and are mostly independent of velocity [76]. However, tibial shock was higher during BF 

running at all speeds that indicate that these changes did not appear to change lower limb 

stresses [76].  

 

Minimalist  

 

 

Logan et al. [104] 

 

 Logan et al. [104] evaluated changes in ground reaction forces when NCAA 

Division I athletes ran in various training and racing shoes. Twenty NCAA Division I 

track and cross country athletes were recruited for this study [104]. Logan et al. [104] 
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utilized a force plate (Kistler, Amherst NY) implanted on an indoor track for their testing. 

Subjects ran in neutral shoes (Nike Air Pegasus), racing flats (Nike Air Zoom Waffle 

Racers), and distance spikes (Nike Zoom Milers) [104]. The neutral shoes are described 

as having a soft midsole while the racing flats were lighter and had a firmer midsole 

[104]. In addition the racing flats had less cushioning and did not have any motion 

control features [104]. The distance spikes were described as having a firm outsole with 

plastic, a stiff midsole, and an EVA wedge on the outside for cushioning along with 

minimal rubber [104]. The distance spikes also lacked motion control features [104]. 

During testing the subjects performed a warmup and then ran at either 5.7 m/s (females) 

or 6.7 m/s (males) [104]. Shoe order was randomized [104]. Logan et al. [104] found that 

males and females responded differently in the shoes. Females had an increased peak 

propulsion force in racing flats and a decrease in stance time compared to the neutral 

shoes [104]. Males, however, had a decreased vertical stiffness in the spikes compared to 

neutral [104]. In addition males had an increased peak vertical impact force, loading rate, 

and braking force in the flats and spikes compared to the neutral shoes [104]. The authors 

concluded that females had a decrease in the variability of ground reaction force and that 

peak propulsion was the only statistically significant difference [104]. The males 

experienced an increased loading rate and peak vertical impact due to the smaller heel on 

the spikes and flats [104]. This causes increased acceleration of the foot at impact and 

provided less shock absorption [104]. The authors also noted increased braking forces in 

spikes and flats compared to the neutral shoe but no change in propulsive force [104]. 

The increased loading rate and VGRF likely caused change in increased braking forces 

[104]. The combination of increased loading rate, vertical ground reaction force, and 
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stiffness in spikes and flats could cause overuse injuries if runners are not properly 

trained and transition gradually [104]. Gradual transition is necessary to allow the body 

time to adapt to the increased stresses [104].  

 

Willy and Davis [87] 

 

 Willy and Davis [87] evaluated the differences in running mechanics between 

cushioned shoes and minimalist shoes in novice minimalist shoe runners. They also 

evaluated if adaptations are possible in one running session [87]. The authors recruited 

fourteen male runners for the study [87]. All subjects were RFS and ran at least 16 

km/wk (10 mi/wk) [87]. This study utilized a neutral (Nike Pegasus, Nike, Beaverton, 

OR) and minimalist (Nike Free 3.0, Nike, Beaverton, OR) shoe [87]. This study utilized a 

motion capture system (number of cameras not noted) (Vicon, Oxford, UK) and an 

instrumented treadmill (AMTI, Watertown, MA) [87]. Additionally, the study utilized an 

MTS Qtest 10 Elite load frame (Cary, NC) to measure the shoe stiffness [87]. All 

subjects ran on the treadmill at 3.35 m/s for ten minutes in each shoe type [87]. Willy and 

Davis [87] found that minimalist shoes showed an increased dorsiflexion, increased knee 

flexion, increased vertical impact, and increased vertical loading rate compared to the 

neutral shoes [87]. At the end of the ten minute running session the authors also found 

that the subjects experienced decreased dorsiflexion, decreased foot inclination at 

footstrike, increased vertical impact peak, increased average vertical loading rate in both 

shoe conditions [87]. Willy and Davis [87] concluded that the increased knee flexion and 

decreased ankle dorsiflexion in the minimalist shoe condition could have been a 

compensation mechanism to reduce impact forces. However, it was unclear why foot 

inclination did not change (location relative to ground) but increased dorsiflexion 
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(relative to shank) was present [87]. The authors noted that this could be due to the fact 

that foot inclination is better at discerning if there is a RFS pattern [87]. If this is the case, 

then foot inclination indicated that a RFS pattern occurred in the minimalist shoe [87]. 

The RFS pattern coupled with the decreased amount of cushioning in minimalist shoes, 

caused the increased impact loading [87]. These two factors together, if not corrected, can 

lead to running injuries [87].  

Sinclair et al.  [78] 

Sinclair et al. [78] evaluated the 3D kinematic and kinetic differences found while 

running barefoot (BF), running in minimalist shoes, or running in traditional neutral 

running shoes. The goal was to determine if the minimalist shoe kinematics mimicked the 

kinematics of BF running [78]. The authors recruited twelve male RFS runners. All 

subjects ran at least 30 km/wk (18 mi/wk) [78]. This study utilized an eight-camera 

motion capture system (Qualisys Medical AB, Goteburg, Sweden), force plate (Kistler, 

Kistler Instruments Ltd., Alton, Hampshire, UK), and tri-axial accelerometer (Biometrics 

ACL 300, Gwent, UK) [78]. Subjects ran in three running conditions: BF, in minimalist 

shoes (Nike Free 3.0, Nike, Beaverton, OR), and in neutral shoes (Saucony Pro Guide 2, 

Saucony, Lexington, MA) [78]. Subjects ran across a 22 m runway at 4.0 m/s for each 

trial [78]. Gait type was not instructed (i.e. RFS, Mid, or FFS).  Sinclair et al. [78] found 

that there was increased instantaneous and average loading rates in the BF running 

conditions compared to the neutral running shoes. The authors found that the 

instantaneous loading rate was greater in BF running than minimalist running [78]. 

However, the minimalist shoe showed no significant difference than the BF condition 

when evaluating the average loading rate. Sinclair et al. [78] found that the neutral 
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running shoes had an increased stance time compared to the minimalist and BF running 

conditions. In addition, the neutral shoes had an increased time to the peak impact 

compared to the BF running conditions [78]. Sinclair et al. [78] also found that peak hip 

flexion was greater in the traditional running shoe compared to the BF running condition. 

The authors found that ankle plantar flexion was greatest in the BF running condition, 

followed by the minimalist running condition, then the neutral running shoe [78]. 

Furthermore, the ankle external rotation was greater in the BF condition compared to the 

minimalist condition [78]. Sinclair et al. [78] stated BF resulted in increased step 

frequency, decreased stride length, and decreased stance time [78]. These findings 

directly affect the kinematics [78]. Sinclair et al. [78] concluded that runners tend to have 

longer steps when running in traditional footwear and therefore an increase in the hip 

flexion is expected. Furthermore, the authors noted that the increased ankle plantar 

flexion in barefoot running indicates Mid or FFS pattern. The authors stated that the 

increased cushioning of traditional shoes indicate that the shoes absorb the loading and 

provide shock attenuation [78]. This ensures that the body does not need to adapt [78]. 

However, minimalist footwear does not show the same increase in plantar flexion as 

shown in BF running [78]. Sinclair et al. [78] concluded that this is likely due to the 

cushioning in the shoe relieving the body’s shock attenuating requirements. While no 

differences were noted in ankle eversion during their study, the authors noted previous 

studies found an increase in ankle eversion when running shod [54,109–112]. The 

reduced stability in the shod running condition is likely caused by the cushioned midsole 

[54]. Sinclair et al. [78] stated that the stiff heel counters, stiffer cushioning, insole 

boards, medial posted midsoles, and varus wedges present in both the traditional and 
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minimalist shoe likely caused the reduced eversion. Sinclair et al. [78] concluded that the 

running kinematics between true BF running and minimalist shoe running is indeed 

different for their selected minimalist shoe.  

 

Squadrone and Gallozzi [79] 

 

 Squadrone and Gallozzi [79] performed a study analyzing the kinematics, 

kinetics, and metabolic cost of running in habitual barefoot (BF) runners. The authors 

utilized the Vibram Fivefingers (VF) minimalist shoe along with a neutral shoe (brand 

and model not listed) and compared the results to BF running [79]. Eight experienced BF 

runners participated in this study [79]. Each received a pair of the VF and neutral shoes 

ten days before the collection to become accustomed [79]. During the collection subjects 

ran on an instrumented treadmill (Zebris FDM-T; Zebris Medical GmbH, Isny, Germany) 

for six minutes in each running condition [79]. Subjects ran at 12 km/hr and footstrike 

was not instructed [79]. A video camera (SVHS, Sony) was used for sagittal plane 

kinematics [79]. VO2 max and heart rate were measured with the K4B2 metabolic system 

(Cosmed srl, Rome, Italy) [79]. Findings showed that stride length and flight time 

decreased when BF but there was an increase in stride rate when BF [79]. Contact time 

increased in the neutral shoes and stride index (a measure of footstrike position) 

decreased in the neutral shoes [79]. Additionally the peak impact force increased and 

pressure under the heel, midfoot, and hallux increased in the neutral shoes [79]. There 

was no significant difference in the propulsive force between shoes however it was 

slightly higher in VF [79]. This was coupled with increased pressure under the toes when 

VF [79]. Subjects showed a lower VO2 max in the VF compared to neutral shoes [79]. 

Subjects had increased plantar flexion when BF and VF. Ankle ROM also increased in 
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VF compared to the neutral shoe [79]. Squadrone and Gallozzi concluded that there were 

significant differences in spatial temporal variables when BF compared to shod [79]. 

These included decreased contact time and increased stride frequency when BF [79]. In 

addition there was a decreased stride length and impact force when BF [79]. The 

increased plantar flexion when BF was also associated with decreased pressure under the 

heel and increased pressure under the metatarsal heads [79]. BF running also decreased 

the metabolic cost by 1.3% although this was not statistically significant [79]. When 

comparing the BF and VF conditions the authors found that the VF had spatio temporal 

variables similar to the neutral shoe condition [79]. The only significant difference 

between VF and the neutral shoe was contact time; this was significantly reduced in the 

VF compared to the neutral shoe [79]. Stride time increased and stride frequency 

decreased when VF compared to BF [79]. The authors noted that this could be due to the 

change in flight time between the two [79]. The VF mimicked the BF condition by 

decreasing the vertical impact force compared to neutral shoes [79]. However VF showed 

an increased propulsive force compared to BF which could explain the longer stride 

length [79]. In addition to mimicking the kinetic variables of BF running, the kinematic 

variables in the VF condition were also similar to BF [79]. This showed an increase in 

plantar flexion compared to the neutral condition [79]. Interestingly there was a 2.8% 

decrease in metabolic cost when in VF compared to the neutral shoe [79]. This could be 

due to the difference in shoe weight and not having to compress/torque the shoe sole 

during running [79]. It is also surprising that the VF had reduced metabolic cost 

compared to BF – this could be due to the small sample size [79]. The authors concluded 

that the VF seem to mimic BF running while allowing for minimal protection of the feet 
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[79]. The increased propulsive force, increased step rate, lower stride rate actually 

increased the efficiency compared to BF [79].  

Squadrone et al. [69] 

Squadrone et al. [69] evaluated the effectiveness of multiple “minimalist” shoes to 

determine how well they mimic barefoot (BF) running. The authors noted that there are 

no hard guidelines on what determines if a shoe falls into the minimalist category and this 

leads to varying results depending on the shoe that it studied [69]. Fourteen runners were 

recruited for this study. All ran more than 45 km/wk (28 mi/wk ) and had trained in 

minimalist shoes [69]. All runners used a RFS pattern [69]. Six minimalist shoes were 

used in this study: 1) Newton Running MV2; 2) New Balance MR002GBN; 3) Nike Free 

3.0V4; 4) Inov8 Bare-X; 5) Vibram Five Fingers Seeya; 6). Saucony Kinvara2 [69]. In 

addition an cushioned stability shoe (Saucony ProGrid Guide) was also used [69]. The 

authors used a motion capture system (BTS Smart-E, BTS Bioengineering, Milan, Italy) 

and instrumented treadmill (Zebris FDM-T, Germany) to measure kinematics and 

kinetics respectively [69]. Subjects ran at their preferred cadence and footstrike pattern in 

each pair of shoes [69]. Subjects ran on the treadmill for 3 minutes at 3.33 m/s [69]. Shoe 

order was randomized [69]. The shoes were also measured and mechanically tested [69]. 

The results showed that among the minimalist shoes there was a wide range of mass, 

heel-toe drop, stack height at the heel and toe, flexibility, and shock absorption properties 

[69]. The authors noted that the subjects retained their RFS condition in all footwear 

conditions but shifted toward a more forefoot strike in less cushioned models [69]. The 

Nike Free, Saucony Kinvara, Newton Running had more posterior strike compared to the 

Inov8, New Balance, Vibrams [69]. Stride length, step time, contact time all varied 
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within shoes [69]. BF caused a decrease in stride length, stride time and contact time 

[69]. However this was coupled with an increase in stride frequency[69]. The Newtons 

and Vibrams however showed increased stride frequency compared to normal cushioned 

shoe [69]. Knee extension increased in the Nike Free and cushioned shoes compared to 

the BF condition [69]. Knee ROM decreased in the Inov8, Vibram, and New Balance 

compared to cushioned shoes [69]. A the hip, the Nike and Saucony Kinvara2 had 

increased vertical hip displacement compared to other minimalist shoes and the BF 

condition [69]. The authors concluded that the minimalist models behaved differently 

with some more effective at mimicking BF running than others [69]. The Vibrams, New 

Balance, and Inov8 were most like the BF condition [69]. Strike pattern was influenced 

by the shoe construction [69]. While RFS was maintained throughout the study, some 

models of shoes elicited an increase in plantar flexion [69]. A more posterior strike 

pattern was observed in the Newton, Saucony, and Nike shoe [69]. These shoes had 

greater stack heights than the others [69]. This cushions the heel upon impact and 

decreased the pain upon landing and has increased shock absorption properties [69]. In 

addition, shoes with greater heel heights showed greater knee extension at footstrike [69]. 

The knee acts as a shock absorber and can help regulate leg stiffness [69]. Shoes with a 

thicker heel allow the shoe to help attenuate shock [69]. The increase in knee ROM may 

also be linked to the increase in stance time in thicker shoes [69]. Hip displacement was 

increased in thick shoes and was likely caused by the increased leg extension [69].  
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Stability and Cushioned 

 

 

Butler et al. [89] 

 

 Butler et al. [89] evaluated the interaction of footwear and arch type on loading 

and on rearfoot (RF) mechanics. The authors recruited twenty high arched and twenty 

low arched runners for their study. All subjects ran at least 16 km/wk (10 mi/wk). The 

Arch Height Index (AHI) measurement system (based on [113]) was used to ensure each 

subject was placed in the correct category [89]. The study Butler et al. [89] utilized an 

eight-camera motion capture system (VICON, Oxford Metrics, London, England), a force 

plate (Bertec, Worthington, OH), and a uniaxial accelerometer (PCB, Peizotronics, 

Depew, NY) [89]. Subjects ran along a 25m runway at a self-selected pace. Subjects 

performed running trials in both a motion control shoe (New Balance 1122MC, New 

Balance, Boston, MA) and a cushioned shoe (New Balance 1022 NC, New Balance, 

Boston, MA) [89]. Butler et al. [89] found that high arched runners experienced a 

reduction in the instantaneous loading rate in the cushioned shoe. However, low arched 

runners experienced an increase in instantaneous loading rate in the same cushioned 

shoes [89]. Both arch types showed reduced tibial acceleration in cushioned shoes as well 

as a decrease in lower limb stiffness [89]. In addition, both arch types experienced 

decreased ankle eversion and eversion excursion in motion control shoes [89]. Butler et 

al. [89] concluded that it was better to match individuals to shoes based on running 

mechanics rather than arch type. The authors stated that cushioned shoes are ideal for 

those who have high tibial shock upon impact regardless of arch type [89]. Butler et al. 

[89] also stated that motion control shoes are ideal for those who have high rear foot 

eversion regardless of arch type.  
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Hoffman et al. [102] 

 

 Hoffman et al. [102] utilized bi-plane x-ray imaging and model based tracking to 

measure navicular drop (ND) in various running shoes. The navicular bone is a part of the 

ankle [114] and can be used as an alternative way to measure pronation [102]. The goal 

of Hoffman et al.’s study was to measure static and dynamic changes in ND in various 

shoes as well as measure changes in ND while running barefoot (BF) and shod [102]. 

Twelve subjects were recruited for this study, all of whom ran more than 40 km/wk (25 

mi/wk) [102]. The runners were categorized as “highly supinated,” “supinated,” 

“normal”, “pronated”, or “highly pronated” according to the foot posture index (FPI) 

[102].  Subjects ran in minimalist (Nike Free) and motion control (Nike Zoom Structure) 

shoes as well as barefoot [102].  Prior to the dynamic running assessment, CT scans were 

taken [102]. Subjects performed a fifteen minute treadmill warmup before the running 

trials [102].  The x-rays were taken during the stance phase of overground running in the 

two shod and barefoot conditions [102]. The static CT scans were then reconstructed and 

the motion of the foot tracked using the dynamic x-ray images [102]. Hoffman et al. 

[102] saw no changes in radiographic ND between the two shoes however there was a 

decrease in the rate of ND in the motion control shoes. The authors also saw no 

differences in the technique used to locate the navicular bone – either thru palpation or 

thru dynamic assessment [102]. The authors concluded that static palpated ND may not 

be a good indicator of the radiographic ND [102]. The authors also stated the FPI may 

not be the best measure of ND as there was no significant association between the two 

during this study [102]. Furthermore they saw no change in the peak navicular drop 

between the minimalist and motion control shoes  but the motion control shoes decreased 
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the rate of the navicular drop, although this could be because the subjects in this study did 

not have a wide FPI range [102].  

 

Various Midsoles, Shoe Type Not Listed or Not Commercially Available 

 

 

De Wit et al. [94] 

 

 De Wit et al. [94] performed a kinematic and kinetic analysis of shoes of various 

sole hardness. De Wit et al. [94] evaluated the effect of midsole hardness on pronation 

and shock attenuation during landing. Seven RFS subjects were recruited for this study 

[94]. Subjects ran in two shoes that only differed in midsole material [94]. The softs shoe 

was made of EVA and had a shore value of C40 while the hard shoe was made of EVA 

and had a shore value of C65 [94]. A force plate (Kistler, Amhurst, NY), a high speed 

video camera (Nac-400; Nac Image Technology, Simi Valley, CA), and a treadmill 

(brand and model not listed) were used for this study [94]. Subjects performed a 5-10 

minute warm up [94]. For the kinematic analysis two markers were placed on the lower 

leg midline and two markers above the heel counter [94]. The kinematic analysis 

consisted of the subjects running on the treadmill in the test shoes for 5 minutes at 4.5 

m/s (± .1m/s) while the video camera filmed from posterior plane [94]. Kinetics were 

evaluated as the subject ran over the force plate across a 40m track [94]. De Wit et al. 

[94] found that the harder shoes decreased the vertical impact force but this was coupled 

with an increase in vertical loading rate [94]. The authors also found that the hard shoes 

had increased foot inversion at footstrike [94]. The hard shoes also experienced an 

increased average eversion velocity and maximum eversion velocity [94]. However the 

greatest peak eversion was found in the soft shoes [94]. The authors concluded that hard 
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shoes have decreased impact load but higher loading rate compared to soft shoes [94]. 

This is accompanied with an increase in eversion velocity upon landing [94]. This 

increased eversion velocity is caused by location of the ground reaction force which 

creates a moment about the subtalar joint [94]. This increased eversion velocity causes 

faster eccentric loading of the medial tendons and ligaments (tibialis posterior, medial 

flexor halluces longus, medial flexor digitorum longus) [94]. Therefore running with soft 

shoes creates an overall greater maximum eversion and pronation compared to hard shoes 

[94]. This causes greater eccentric loading on the medial muscles [94]. Furthermore the 

authors noted that soft shoes allow increased pronation even when in a static position [94] 

therefore a good shoe must balance reducing overpronation and reducing impact forces 

[94].  

 

Hamill et al. [95] 

 

 Hamill et al. [95] evaluated the relationship of knee joint and subtalar joint actions 

during running in shoes of various midsole constructions. Three pairs of shoes were 

created specifically for this study and differed only in midsole hardness (soft – shore 40; 

medium – shore 55; hard – shore 70) [95]. Shoe hardness was verified using the Exeter 

Research Impact Testing System [95]. A high speed video camera (NAC, ; Nac Image 

Technology, Simi Valley, CA), reflective markers, and a treadmill were used to collect 

kinematic data [95]. Twelve RFS recreational runners were recruited for this study [95]. 

All subjects ran less than 32 km/wk (20 mi/wk) [95]. Subjects began with a treadmill 

warmup and then ran for five minutes in each of the shoe conditions (speed not stated but 

authors reported it to be the same during all trials) [95]. Data was collected during the last 

minute of each trial [95]. Hamill et al. found that the soft shoes had increased rearfoot 
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eversion compared to the hard and medium shoes [95]. However the hard and medium 

shoes had an increased eversion velocity although it was not statistically significant [95]. 

The authors stated that there were no differences at the knee under the different shoe 

conditions [95]. Hamill et al. concluded that the softer shoes produced greater rearfoot 

motion and caused greater ankle pronation [95]. These changes were isolated to the ankle 

in this study [95]. The soft shoe caused more rapid initial pronation and then supination 

while the knee was still flexed [95]. This combination of external rotation of the tibia 

from the ankle is coupled with internal rotation of the tibia from the knee [95]. This also 

causes increased time to return to neutral position later in stance phase [95]. This 

indicates that the knee is causing external tibial rotation at a faster rate than the foot is 

supinating [95]. This off kilter timing could cause knee injuries [95]. It is interesting to 

note that the harder shoes had a faster pronation velocity [95]. The authors concluded that 

the cushioned shoe changed the timing of pronation and knee flexion [95]. This offset in 

timing could cause some “runners knee” injuries. There could also be compensation 

mechanisms of the hip [95].  

 

TenBroek et al. [86] 

 

 TenBroek et al. [86] evaluated the kinematic changes in running patterns in thin, 

medium, and thick soled shoes. The authors also evaluated the kinematic changes that 

occur over the course of a 30-minute run [86]. Tenbroek et al. [86] recruited ten male 

runners All subjects had a RFS pattern [86]   This study utilized an eight-camera motion 

capture system (Oqus 500, Qualisys AB, Gothenburg, Sweden), accelerometer (Delsys 

Incorporated, Boston, MA), and treadmill (Woodway, Waukesha, WI) [86]. The subjects 

ran in thick, medium, and thin soled shoes (the only variant was the sole thickness) for 30 
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minutes at 3.0 m/s [86].  Shoe hardness was tested using a gravity driven impact tester 

(Exeter Research, Inc., Brentwood, NH) according to ASTM Standards  [86]. Tenbroek 

et al. [86] found that the thin and medium soled shoes caused similar kinematic patterns 

at the ankle [86]. However, the medium and thick soled shoes caused similar kinematic 

patterns at the knee and hip [86]. The thin and medium shoes caused increased plantar 

flexion of the ankle at touchdown [86]. In addition, the thin and medium shoes caused 

increased ankle eversion as well as increased internal rotation of the tibia [86]. The thin 

shoes caused increased knee extension at touchdown [86]. However, the medium and 

thick shoes caused increased knee flexion mid-stance [86]. The thick shoes resulted in the 

greatest knee flexion excursion [86]. The thin and medium-soled shoes experienced an 

increased tibial acceleration [86]. The reduced shoe mass, increased impact force, and 

reduction in shock attenuating material is the likely cause [86]. A consistent RFS pattern 

was present even in thin and medium shoes throughout the course of the 30-minute run 

[86]. Tenbroek et al. [86] concluded that at a certain shoe thickness level the adaptations 

occur more distally. The response of both increased eversion and increased tibial rotation 

in the thin and medium soled shoes suggest a coupling of the eversion and rotation [86]. 

Tenbroek et al. [86] concluded that there were similar kinematic conditions at touchdown 

in thin and medium shoes below the knee. The authors also concluded that there were 

similar kinematic conditions at touchdown in medium and thick shoes above the knee 

[86]. Tenbroek et al. [86] noted that the consistent RFS pattern along with increased 

ankle eversion and internal tibial rotation could cause injuries when running in thin and 

medium-soled shoes. 
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Recruiting Flyer 
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APPENDIX C 

 

Test Protocol 

 

 

Background 

 

 Stress fractures occur when the bone microdamage occurs faster than the cycle of 

bone remodeling and repair. Bone loading and the number of loading cycles affect the 

bone microdamage [159,160]. Stress fractures are common in dancers, athletes, and 

military recruits [161]. Between 0.7% and 20% of all running injuries are stress fractures 

[162] and between 24% and 50% of these occur in the tibia [163] The increasing 

popularity of endurance sports such as marathon running has also lead to an increase in 

stress fractures in recreational runners [164].   With the increase in popularity of various 

running shoes and barefoot running, runners have many options of footwear to choose 

from but need to be informed as to what type of shoe is best for their running style as 

well as the type of running they are doing.  

 External (kinematics and kinetics) and internal (human anatomy) forces 

contribute to tibial stress fractures. External factors such as ground reaction forces, 

external loading, and limb alignment place stresses on the bone. Bone geometry  [44,56], 

density [165–167], and bone composition determine overall bone strength [citation]. 

Insufficient bone strength can lead to an increased risk of stress fractures [citation]. 

Muscle attachment points also place bending stresses on the bone. Cadaver studies have 

shown that the SOL, flexor digitorum longus, and the deep crural facia (DCF) attach to 
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the posteriomedial section of the tibia. These muscles have been determined to be the 

cause of medial tibial stress syndrome (MTSS) [32–34].  

By altering an individual’s kinetics and kinematics the risk of stress fractures can 

be reduced.  Among the most common external causes of stress fractures is increased 

ground reaction force, loading, and pressure [41–46]. This is linked to heel striking 

[2,44,47], ankle dorsiflexion [11,48], and stride length [49,50]. In addition, pronation and 

leg alignment also contribute to the risk of stress fractures [11,17,21,38,48,51–53] along 

with hip adduction [50–52], hip rotation [50,56,168], and knee stiffness [45,50].  

While the kinetics and kinematics of running have been well documented in the 

sagittal plane, few studies have included transverse [82] and coronal planes [89,94,95]. 

Studies that have utilized EMG along with kinematic and kinetic measurements have not 

used motion capture for 3D kinematic analysis [70,76,88,91,96,101]. These studies 

instead utilized accelerometers [70,96], high speed video cameras [76,91] or did not 

perform 3D kinematic analysis [91]. One study included EMG as well as 3D kinematics 

and kinetics but did not specify what shoes were used during the study. Chambon et al. 

[88] classified their shoes by having a viscous, elastic, or intermediate insole. Numerous

studies recorded the shoe stiffness but did not discuss how the shoes stiffness influenced 

their findings.  

Since the causes of stress fractures are linked to kinematics, kinetics, and 

muscular activation the gap must be filled. While no two runners or their gaits are alike, 

care must be taken to ensure that runner is in the correct shoe for their plantar shape, bone 

geometry, muscle strength running style, and training goals.  
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Materials and Methods 

 

Motion Capture and EMG 

 

 The Baylor Clusters FBPCT Marker set are to be used for this study (see 

Appendix). This marker set was developed by Andriacchi et al. [115] and focuses on 

lower limb kinematics.  

 In addition to the Baylor Clusters Markers used on the subject, ten EMGs will be 

used to measure the subject’s muscle activity during testing. EMGs are to be placed on 

the left and right tibialis anterior, medial and lateral gastrocnemius, rectus femoris, and 

biceps femoris. 

 

Shoe Conditions 

 

 The order of each shoe condition shall be randomized for each subject to prevent 

potential bias. Five types of shoe conditions are included in this study: barefoot, 

minimalist, neutral, stability / motion control, and cushioned shoes. The various shoe 

properties and reasoning behind each shoe condition are discussed below. A two minute 

warm up on the treadmill is required when changing running conditions. Note that three 

clean foostrikes on the forceplate with the dominant foot are required for each trial. 

1. Barefoot (BF) 

a. Labeling: Run_Subj#_BF<Running Condition>_TR# 

b. The barefoot condition provides a baseline for the subject’s natural 

movement without shoes.  

2. Minimalist – Nike Free 

a. Labeling: Run_Subj#_Free<Running Condition>_TR# 

b. The Nike Free has been used as a minimalist shoe in several studies 

[69,87]. With the increased popularity of barefoot running, it is important 

to capture the effects of a common minimalist shoe when compared to 

various other shod conditions.  

3. Neutral - Nike Air Zoom Pegasus 

a. Labeling: Run_Subj#_Pegasus<Running Condition>_TR# 
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b. The Nike Pegasus has been used in several shoe studies as the neutral

control shoe [103,104] and is the recommended shoe by the Baylor Track

team for those with a neutral foot. The Pegasus provides comfort and

cushioning without the motion control and increased cushioning of other

shoes. The Pegasus is also the baseline model for the Nike Air Zoom

Vaporfly 4%, an innovative technology designed to help break sub 3 hour

marathon barrier [121].

4. Stability / Motion Control (S/MC) – Nike Air Zoom Structures

a. Labeling: Run_Subj#_Structures<Running Condition>_TR#

b. The Nike Air Zoom Structures received the 2016 Runner’s World Editor’s

Choice Award [125] and is the Stability / Motion control Air Zoom shoe.

It has an angled foam block on the medial side to reduce pronation [125].

5. Maximalist –Hoka (Nike Lunar Glide / Nike Lunar Skyelux?)

a. Labeling: Run_Subj#_Hoka<Running Condition>_TR#

b. The Hoka’s are emerging as a popular running shoe. Contrary to the

popular minimalist shoes of previous years, the Hoka’s are known for their

thick midsoles and cushioning [123].

Running Conditions 

For each shoe condition the following shall be tested. Normal running speed only 

required if the subject’s normal running speed is outside the 3.35 m/s speed.2 

1. Subject running at 3.35 m / s (8 minute / mile) [87,128] with their normal strike

pattern3

a. Labeling: Run_Subj#_<ShoeCondition>335_TR#

b. Instructions: Please run across the lab floor. We have a set speed for this

portion of the test. We will tell you when you reach that speed. Please

maintain this speed for this portion of the testing.

2. Subject’s normal walking gait.

a. Labeling: Run_Subj#_<ShoeCondition>Walk_TR#

b. instructions: Please walk across the lab floor at your preferred pace.

3. Subject’s normal running speed with their normal strike pattern (heelstrike or

forefoot strike).

a. Labeling: Run_Subj#_<ShoeCondition>Norm_TR#

b. Instructions: Please run across the lab floor at your preferred pace.

2 This was later removed due to time constraints. All subjects ran at 3.35 m/s (± 10%) 

3 Two 12.5m tracks have been marked out in the lab. The subjects have 3.73 s (± 10%) to run from 

one end of the track to the other for the trial to count. This equates to between 4.10s and 3.36s.   
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Questionnaire 

 

Instruct the subject to fill out the running questionnaire.  

 

Naming Conventions 

 

Naming conventions shall be as follows for this test procedure 

Run_Subj<Subject #>_<Shoe Condition>_<Running Condition>_TR<Trial #> 

 Run – designates the study this trial shall be included in 

 Subj<Subject #> - designates the subject number in this study 

 Shoe Condition – designates the shoe type as outlined in Section 2.3 above 

 Running Condition – designates the running condition as outlined in Section 2.4 

above 

 TR<Trial #> - designates the trial number for this specific shoe and running 

condition 

 

Test Protocol Appendix 

 

Marker Setup 

 

 

 
Figure C. 1: Baylor Clusters Marker Setup 
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EMG Setup 

 

 

 
Figure C. 2: EMG Setup [117] 
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APPENDIX D 

 

Questionnaire 

 

 

Running Interest 

1. How many years have you been running? ___________ 

2. Running interest: (check all that apply) 

a. Fitness and fun 

b. Recreational and social 

c. Multi-sport 

d. Racing for improved performance 

e. Racing for awards 

f. Other 

3. Would you consider yourself a novice or experienced runner? ___________ 

Races Experience 

4. What was your most recent race? ____________________ 

5. Are you training for anything now? ___________ 

If yes, what is your goal? ___________ 

6. Running Personal Best 

a. Mile / 1500m  

b. 5k 

c. 10k 

d. Half marathon 

e. Full marathon 

Training 

7. Do you do any speed, interval, or tempo workouts? 

8. What is your average weekly milage? ___________ 

9. What is your average pace for the following 

a. Mile repeats 

b. Mid-distance / tempo run 

c. Long run 

d. Easy run 

e. I always run the same pace 

10. Do you cross train? 

Shoes and surfaces 

11. What is your current running shoe? ___________ 

12. How old are your current shoes? 



150 

13. Have you recently changed shoes?

14. What type of surface do you usually run on?

15. Have you recently changed running surfaces?

Pain and Injuries 

16. Do you have pain when running? If so where?

17. If you have pain during a run, when does it start?

18. Does your pain get better or worse throughout the run?

19. Do you have pain on non-running days?

20. What running injuries have you had in the past?
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APPENDIX E 

 

Consent Form 

 

 

Baylor University 

Mechanical Engineering Department 

 

Consent Form for Research 

 

 

PROTOCOL TITLE:   

 

PRINCIPAL INVESTIGATOR:    Dr. Jonathan Rylander, Ph.D. 

 

SUPPORTED BY:  Baylor University 

 

 

Introduction 

Please read this form carefully.  The purpose of this form is to provide you with 

important information about taking part in a research study.  If any of the statements or 

words in this form are unclear, please let us know. We would be happy to answer any 

questions. You have the right to discuss this study with another person who is not part of 

the research team before making your decision whether or not to be in the study.  

 

Taking part in this research study is up to you.  If you decide to take part in this research 

study we will ask you to sign this form.  We will give you a copy of the signed form. 

 

The person in charge of this study is Jennifer Tavares under the direction of faculty 

advisor Jonathan Rylander.  We will refer to this person as the “researcher” throughout 

this form.  

 

Why is this study being done? 

Stress fractures are common injuries for dancers, athletes, and military recruits. This type 

of injury occurs when the bone experiences increased loading or an increase in the 

number of loading cycles.  

 

With the increase in popularity of various running shoes and barefoot running, runners 

have many options of footwear to choose from but need to be informed as to what type of 

shoe is best for their running style as well as the type of running they are doing. We want 
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to determine how various running conditions (barefoot or with different types of shoes) 

affects your running style.  

Your participation in this study is entirely voluntary. 

Your decision whether or not to participate will not prejudice you or your medical care. 

If you wish to participate in this study, you must sign this form. If YOU decide to 

participate, you are free to withdraw at any time without prejudice to you or effect on 

your medical care. If you decide to terminate your participation in this study, you should 

notify Jonathan Rylander, jonathan_rylander@baylor.edu. 

How long will I take part in this research study? 

We will ask you to make one study visit to Baylor University’s Biomotion Lab located at 

the Baylor Research and Innovation Collaborative (BRIC). The visit will require at most 

three hours of your time to complete the motion capture and EMG protocol as well as 

muscle strength testing.  

What will happen if I take part in this research study? 

If you agree to take part in this study, we will ask you to sign the consent form before we 

do any study procedures. The visit will follow a procedure and take at most three hours. 

The procedures are listed below under the heading of Study Visits.  In short, you will be 

required to perform several running trials with several types of shoes to be provided by 

the lab. These running trials will utilize motion capture and EMG to evaluate your 

running style as well as your muscle activation. You will also be asked to perform muscle 

strength testing using the Biodex machine.  

Study Visits 

Visits will take about 2 to 3 hours to complete.  At this visit, we will ask you to do the 

following procedures: 

 Complete the running questionnaire

 A motion capture and EMG session, which consists of having reflective markers

and electrodes placed on your body and then completing several running trials.

Additional activities such as walking up and down stairs and walking across the

lab will also be included. This is the main focus of the research.

 An isokinetic (constant speed) muscle strength test with the Biodex Dynamometer

machine.  During this test, you will push as hard as you can against a bar moving

at a set speed. This test procedure is detailed below and is one of the focuses of

the research being done in this study.

Motion Capture and EMG Test: You will be in minimal clothing (males: short shorts, 

females: short shorts and a sports bra). A researcher will then place reflective markers on 

your body according to their procedure. Once all of the markers are placed, then the 

researchers will talk you through the different activities you are to complete. Your 
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motions will be tracked and the data will be collected by our motion capture system and 

EMG. The reflective markers will then be removed. 

 

Isokinetic Muscle Strength Test: You will sit on the chair while your lower leg is 

strapped to a dynamometer arm (cushioned bar). You will then be asked to maximally 

push against the arm in flexion, extension, abduction (away from the body), adduction 

(toward the body), external rotation, and internal rotation.  Measurements for these 

maximal contractions will be recorded on the on-board computer attached to the Biodex 

machine.  Because these measurements are maximal effort exercises, you will be required 

to rest for at least 2 minutes between trials and will be asked if you would like to rest 

longer before any new trial begins.  Multiple trials of each measurement will be taken to 

ensure your maximal effort is reached. Peak muscle values will be recorded by the 

research team. 

 

Your Muscle Strength Data: The data obtained from your test will be recorded on the on-

board computer attached to the Biodex machine, as was mentioned in the paragraph 

above. In order to use the data for analysis, your data will have identifying information 

removed upon transfer to another computer to be taken to Baylor University for analysis.  

 

Video Recording and Photography 

We would like to make a video recording of you during this study so that marker 

movement data collected via the motion capture system can be compared to visual data. 

If you are recorded it will be possible to identify you on the recording. We will store 

these recordings digitally on a lab computer in a locked room that only approved study 

staff will be able to access.  We will label these recordings with a code instead of your 

name. The key to the code connects your name to the recording; the researcher will keep 

the key to the code in a password-protected computer. 

 

The location for all of the data collection is the Biomotion Lab at Baylor’s BRIC. All 

windows in this lab will be covered during data collection, so there is privacy during the 

study visits. All doors will be locked, and only authorized researchers can access the lab. 

The people that will be present in the room are the researchers and persons with direct 

consent from you (like friends, family, etc). There will generally be two researchers in 

the room, the researcher and an authorized research assistant. The only exception would 

be if there was a student that was given direct consent from you to observe the study visit 

for learning purposes. All other persons in the room would be whomever you wish to 

have present.  

 

We may also take photographs of you during your visit. If photographs of you are used, it 

will not be possible to identify you as your head will be cut off or blurred in the images.  

 

Video recording and photography are both optional for this study. They are separate in 

that if you consent to one you do not have to consent to the other. Additionally, if you do 

not want to be recorded, you can still be a part of the study. There are three sets of 

cameras, one for the motion capture (which records the motion of the reflective markers 
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only), one for video recording, and one for EMG tracking. Thus, the video recordings do 

not have to be saved and stored for data analysis to occur. Having the video to compare 

allows us to better understand the data, especially in the cases of abnormalities, but you 

will be in minimal clothing and are free to opt out of being video recorded. You will 

indicate your decision concerning both at the end of this form. 

In order to be included in this study, you must have met the eligibility criteria. This 

includes  

 Age: 18 – 55

 BMI less than 30.

 Run at least 1 mile at least twice a week

 Able to maintain a 12-minute mile pace over a 5k

 No lower extremity running induced injuries in the last 6 months

What are the risks of taking part in this research study? 

To the best of our knowledge, taking part in this study will not hurt you, but you may 

experience discomfort and fatigue from completing the isokinetic muscle strength test 

with the Biodex machine. You will be required to take regular resting breaks, but you are 

welcome to rest at any time. You can also stop at any time, especially if you are feeling 

pain or discomfort.  

You will be asked to run across the lab multiple time with different shoes and barefoot. 

You will also be asked to walk up across the lab with various shoes and barefoot. You 

will be asked to walk up and down stairs (handrail available upon request).   

Additionally, there will be minimal risk with the motion capture system. You may get 

tired while doing the motions, or your muscles may get tired or sore.  You can rest at any 

time. You may experience mild discomfort during the removal of the double sided tape 

used to apply the reflective markers, it is a similar to removing a Band-Aid.   

Loss of Confidentiality 

A risk of taking part in this study is the possibility of a loss of confidentiality. Loss of 

confidentiality includes having your personal information shared with someone who is 

not on the study team and was not supposed to see or know about your information. The 

researcher plans to protect your confidentiality. Their plans for keeping your information 

private are described later in this consent form. 

Pregnancy 

Taking part in this study while you are pregnant could cause harm to your fetus. 
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There may be other risks of taking part in this research study that we don't know about. If 

we learn about other risks, we will let you know what they are so that you can decide 

whether or not you want to continue to be in the study. 

 

Are there any benefits from being in this research study? 

There are no direct benefits to you from taking part in this research. There is a benefit in 

knowing that the information gained from this study will help add to the clinical 

knowledge and could improve future clinical practice.   

 

What alternatives are available? 

You may choose not to take part in this research study. 

 

Storing Study Information for Future Use 

We would like to store your study information for future research related to total joint 

replacements.  Any data that is removed from the password protected data collection 

computer will be labeled with a code instead of your name. The key to the code connects 

your name to your study information and will be stored on a password protected 

computer locked in a room at Baylor University.    

 

Future use of study information is optional for this study. If you do not want your 

information to be used for future research, you can still be in the study. You will indicate 

your decision at the end of this form. 

 

Storing Health Information for Future Use 

We would like to store your muscle strength measurements and joint kinematics and 

kinetics for future research related running kinetics and kinematics.We will label your 

health information with a code instead of your name.  The key to the code connects your 

name to your health information.  The code will be kept on a password protected 

computer in a locked room at Baylor University’s Biomotion Lab at the BRIC.  Your data 

will be kept indefinitely.   

 

Future use of your muscle strength, joint kinematics and kinetics, and health information 

is optional for this study. If you do not want your data to be used for future research, you 

can still be in the study. You will indicate your decision at the end of this form. If you 

agree to the storage of your data now, but change your mind in the future, contact the 

researcher to request the destruction of your files. 

 

How Will You Keep My Study Records Confidential? 

We will keep the records of this study confidential by only using de-identified 

information away from the secure collection computer.  We will make every effort to 
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keep your records confidential.  However, there are times when federal or state law 

requires the disclosure of your records. 

The following people or groups may review your study records for purposes such as 

quality control or safety: 

 The Researcher and any member of their research team

 Authorized members of Baylor University who may need to see your information,

such as administrative staff members from the Office of the Vice Provost for

Research and members of the Institutional Review Board (a committee which is

responsible for the ethical oversight of the study)

 Federal and state agencies that oversee or review research (such as the HHS

Office of Human Research Protection or the Food and Drug Administration)

The results of this study may also be used for teaching, publications, or presentations at 

professional meetings. If your individual results are discussed, your identity will be 

protected by using a code number or pseudonym rather than your name or other 

identifying information.  

Study Participation and Early Withdrawal 

Taking part in this study is your choice.  You are free not to take part or to withdraw at 

any time for any reason.  No matter what you decide, there will be no penalty or loss of 

benefit to which you are entitled.  If you decide to withdraw from this study, the 

information that you have already provided will be kept confidential. You cannot 

withdraw  data and information collected prior to your withdrawal. 

You may choose not to be in the study or to stop being in the study before it is over at 

any time.  This will not affect your job status at Baylor University.  You will not be 

offered or receive any special consideration if you take part in this research study. 

The researcher may take you out of this study without your permission.  This may happen 

because: 

 The researcher thinks it is in your best interest

 You can’t make the required study visits

 Other administrative reasons

Will I get paid for taking part in this research study?   

You will not be paid for taking part in this study. 

What will it cost me to take part in this research study? 

There are no costs to you except transportation to the BRIC and your time. 

What happens if I am injured as a result of participating in this research study? 
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If you become ill or injured as a result of your participation in the study, you should seek 

medical treatment from your doctor or treatment center of choice. You should promptly 

tell the researcher about any illness or injury.  

  

There are no plans for Baylor University to pay you or give you other compensation for 

your injury or illness.  You do not give up any of your legal rights to seek compensation 

by signing this form. 

 

What if I have any questions or concerns about this research study? 

You can contact the Primary Investigator (PI) with any concerns or questions about the 

research. His telephone numbers and email address is listed below:   

Jonathan Rylander, PhD 

-jonathan_rylander@baylor.edu 

-(254) 710-4193 

-contact between 8:30am-5:30pm, M-F, if by phone 

 

If you want to speak with someone not directly involved in this research study, you may 

contact the Baylor University IRB through the Office of the Vice Provost for Research at 

254-710-1438. You can talk to them about: 

 Your rights as a research subject 

 Your concerns about the research 

 A complaint about the research 

 

Indicate your decision for the below optional research discussed earlier in this form: 

Optional Consent for future research with study information: 

Do you agree to let us store your study information for future research related to total 

knee replacements? 

 

______YES   ______NO  _______INITIALS 

 

Optional Consent for future research with samples and health information: 

Do you agree to let us store your data and health information for future research related to 

knee strength following knee replacement surgery? 

 

______YES   ______NO  _______INITIALS 

 

Future Contact 

We may like to contact you in the future either to follow-up to this study or to see if you 

are interested in other studies taking place at Baylor University  

 

Do you agree to let us contact you in the future? 
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______YES   ______NO  _______INITIALS 

Consent for video recording 

Do you agree to let us make a video recording of you during this study? 

______YES   ______NO  _______INITIALS 

Consent for photography 

Do you agree to let us take photographs of you during this study? 

______YES   ______NO  _______INITIALS 

Statement of Consent 

SIGNATURE OF SUBJECT: 

I have read the information in this consent form including risks and possible benefits.  I have 

been given the chance to ask questions.  My questions have been answered to my 

satisfaction, and I agree to participate in the study.   

______________________________________ 

____________________ 

Signature of Subject Date 

Signature of Person Obtaining Consent: 

I have explained the research to the subject and answered all his/her questions.  I will 

give a copy of the signed consent form to the subject. 

________________________________________ 

_______________________ 

Signature of Person Obtaining Consent Date 
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APPENDIX F 

Additional Results 

Ankle Plantar/Dorsiflexion 

The following section includes additional tables with the significance values for 

changes in ankle plantar/dorsiflexion based on shoe type for the RFS/FFS sub-group. It 

also includes figures for the high/low mileage and pronator/neutral alignment sub-groups 

with significance values.  

Ankle Plantar/Dorsiflexion Results – All Subjects 

Table F. 1: Significance Values for Changes in Ankle Plantar Flexion - All Subjects 

Shoe 1 Shoe 2 P Value 

BF Minimalist 0.00 

BF Maximalist 0.00 

BF Neutral 0.00 

BF Stability 0.00 

Minimalist Maximalist 0.91 

Minimalist Neutral 0.93 

Minimalist Stability 0.98 

Maximalist Neutral 1.00 

Maximalist Stability 1.00 

Neutral Stability 1.00 

Ankle Plantar/Dorsiflexion – Strike Pattern 

Subjects were also grouped by strike pattern: RFS (n = 14) and FFS (n= 9). 
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Table F. 2: Significance Values for Changes in Plantar Flexion Based on Strike Pattern 

Shoe 1 Shoe 2 P Value RFS P Value FFS 

BF Minimalist 0.00 0.07 

BF Maximalist 0.00 0.01 

BF Neutral 0.00 0.10 

BF Stability 0.00 0.02 

Minimalist Maximalist 0.96 0.95 

Minimalist Neutral 0.69 1.00 

Minimalist Stability 1.00 0.98 

Maximalist Neutral 0.97 0.86 

Maximalist Stability 1.00 1.00 

Neutral Stability 0.88 0.92 

Table F. 3: Significance Values for Changes in Plantar Flexion – RFS and FFS Comparison 

Group BF Min. Maximalist Stability 

RFS – Average ± Stdev. 20.22 ± 11.59 2.72 ± 2.34 1.26 ± 2.67 1.95 ± 2.56 

FFS – Average ± Stdev. 5.85 ± 6.48 -0.53 ± 3.16 -2.17 ± 7.19 -1.82 ± 2.98

P value 0.00 0.01 0.12 0.00 

Ankle Plantar/Dorsiflexion – Mileage 

Subjects were also grouped by weekly mileage: high (n = 12) and low (n = 11) 

mileage (Fig. F.1).  

Table F. 4: Significance Values for Changes in Plantar Flexion Based on Mileage 

Shoe 1 Shoe 2 P Value High Mileage P Value Low Mileage 

BF Minimalist 0.00 0.00 

BF Maximalist 0.00 0.00 

BF Neutral 0.00 0.00 

BF Stability 0.00 0.00 

Minimalist Maximalist 0.98 0.97 

Minimalist Neutral 0.99 0.92 

Minimalist Stability 1.00 0.99 

Maximalist Neutral 1.00 1.00 

Maximalist Stability 1.00 1.00 

Neutral Stability 1.00 1.00 
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Figure F. 1: Change in Ankle Plantar/Dorsiflexion Compared to Neutral Shoe; Sub-Grouped by Mileage. Positive 

values indicate increased plantar flexion compared to neutral shoe. Significance Values (p < .05): a – significantly 

different from neutral shoe; b – significantly different from BF; c – significant difference between high and low 

mileage subjects 

Table F. 5: Significance Values for Changes in Plantar Flexion – High and Low Mileage Comparison 

Group BF Min. Maximalist Stability 

High Mileage – 

Average ± Stdev. 

16.75 ± 14.28 1.40 ± 3.21 -0.48 ± 6.34 0.34 ± 2.78 

Low Mileage – 

Average ± Stdev. 

12.06 ± 8.46 1.56 ± 3.08 0.35 ± 3.53 0.62 ± 3.85 

P value 0.39 0.90 0.71 0.84 

Ankle Plantar/Dorsiflexion – Alignment 

Subjects were grouped based on alignment: pronators (n = 4) and neutral (n = 19) 

(Fig. F.2).  
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Figure F. 2: Change in Ankle Plantar/Dorsiflexion Compared to Neutral Shoe; Sub-Grouped by Alignment. Positive 

values indicate increased plantar flexion compared to neutral shoe. Significance Values (p < .05): a – significantly 

different from neutral shoe; b – significantly different from BF; c – significant difference between pronators and neutral 

runners. 

Table F. 6: Significance Values for Changes in Plantar Flexion Based on Alignment 

Shoe 1 Shoe 2 P Value Pronators P Values Neutral 

BF Minimalist 0.03 0.00 

BF Maximalist 0.02 0.00 

BF Neutral 0.01 0.00 

BF Stability 0.01 0.00 

Minimalist Maximalist 1.00 0.81 

Minimalist Neutral 0.98 0.94 

Minimalist Stability 1.00 0.97 

Maximalist Neutral 0.99 1.00 

Maximalist Stability 1.00 0.99 

Neutral Stability 1.00 1.00 

Table F. 7 Significance Values for Changes in Plantar Flexion – Pronators and Neutral Subject Comparison 

Group BF Min. Maximalist Stability 

Pronators – 

Average ± Stdev. 

18.37 ± 12.94 2.56 ± 1.54 2.16 ± 2.23 1.24 ± 2.76 

Neutral – Average 

± Stdev. 

12.47 ± 10.46 1.39 ± 3.30 -0.61 ± 5.40 0.23 ± 3.34 

P value 0.34 0.56 0.33 0.58 
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Gastrocnemius Lateralis (GL) Activation 

The following section includes tables with the significance values for changes in 

gastrocnemius lateralis (GL) activation based on shoe type. The following section 

includes additional tables with the significance values for changes in ankle 

plantar/dorsiflexion based on shoe type for the RFS/FFS and high/low mileage sub-

groups. It also includes figures for the pronator/neutral alignment sub-group with 

significance values. 

Gastrocnemius Lateralis (GL) Activation Results – All Subjects 

Table F. 8: Significance Values for Changes in GL Activation 

Shoe 1 Shoe 2 P Value GL 

BF Minimalist 1.00 

BF Maximalist 0.99 

BF Neutral 0.62 

BF Stability 0.74 

Minimalist Maximalist 1.00 

Minimalist Neutral 0.82 

Minimalist Stability 0.89 

Maximalist Neutral 0.86 

Maximalist Stability 0.93 

Neutral Stability 1.00 

Table F. 9: Activation Ratios GL - All Subjects 

BF Min Maximalist Stability 

Average 0.87 0.90 0.91 0.99 

Stdev 0.16 0.27 0.28 0.33 

Gastrocnemius Lateralis Activation Results – Strike Pattern 

Subjects were grouped by strike pattern: RFS (n = 11) and FFS (n= 4). 



164 

Table F. 10: Significance Values for Changes in GL Activation Based on Strike Pattern 

Shoe 1 Shoe 2 P Value RFS P Value FFS 

BF Minimalist 1.00 0.99 

BF Maximalist 0.86 0.86 

BF Neutral 0.67 0.98 

BF Stability 0.33 0.81 

Minimalist Maximalist 0.92 0.65 

Minimalist Neutral 0.76 1.00 

Minimalist Stability 0.41 0.59 

Maximalist Neutral 1.00 0.52 

Maximalist Stability 0.89 1.00 

Neutral Stability 0.97 0.45 

Table F. 11: GL Activation Ratios – RFS and FFS Comparison 

Group BF Min. Maximalist Stability 

RFS – Average ± Stdev. 0.86 ± 0.15 0.88 ± 0.25 0.97 ± 0.28 1.06 ± 0.33 

FFS – Average ± Stdev. 0.90 ± 0.23 0.98 ± 0.37 0.73 ± 0.22 0.71 ± 0.19 

P value 0.88 0.28 0.05 0.13 

Gastrocnemius Lateralis Activation Results – Mileage 

Subjects were also grouped by weekly mileage: high (n = 5) and low (n = 9) 

mileage (Fig. F.3). Among high and low mileage subjects the BF condition, minimalist, 

maximalist, and stability shoes were not statistically different than the neutral shoe. 

Between both high and low mileage subjects there were no significant differences 

between the shod and BF conditions. There were no statistically significant differences 

between the groups.  
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Figure F. 3: GL Activation Ratio Compared to Neutral Shoe; Sub-Grouped by Mileage. Significance Values (p < .05): 

a – significantly different from neutral shoe; b – significantly different from BF; c – significant difference high and low 

mileage. 

 

 
Table F. 12: Significance Values for Changes in GL Activation Based on Mileage 

 

Shoe 1 Shoe 2 P Value High Mileage P Value Low Mileage 

BF Minimalist 1.00 1.00 

BF Maximalist 0.86 0.86 

BF Neutral 0.67 0.67 

BF Stability 0.33 0.33 

Minimalist Maximalist 0.92 0.92 

Minimalist Neutral 0.76 0.76 

Minimalist Stability 0.41 0.41 

Maximalist Neutral 1.00 1.00 

Maximalist Stability 0.89 0.89 

Neutral Stability 0.97 0.97 

 

 
Table F. 13:  GL Activation Ratios – High and Low Mileage Subjects Comparison 

 

Group BF Min. Maximalist Stability 

High Mileage – 

Average ± Stdev. 

0.89 ± 0.17 0.97 ± 0.30 0.90 ± 0.10 1.07 ± 0.40 

Low Mileage – 

Average ± Stdev. 

0.86 ± 0.17 0.87 ± 0.27 0.92 ± 0.33 0.94 ± 0.30 

P value 0.05 0.50 0.37 0.84 
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Gastrocnemius Lateralis Activation Results – Alignment 

Subjects were grouped based on alignment: pronators (n = 2) and neutral (n = 11) 

(Fig. F.4). Among pronators and neutral subjects the BF condition, minimalist, 

maximalist, and stability shoes were not statistically different from the neutral shoe. 

However among pronating subjects there was a slight decrease in GL activation in the 

maximalist shoe compared to neutral (p = .08; a 36% decrease). While not statistically 

significant, among pronators there was a 25% reduction in GL activation in the BF 

condition compared to neutral shoes and a 24% reduction in GL activation in the 

minimalist shoe compared to neutral shoe. Among pronators there was also a slight 

decrease in GL activation between the maximalist and stability shoes (p = .15; a 30% 

decrease). There were no significant differences between the shod and BF conditions 

among pronators and neutral subjects.  There were no statistically significant differences 

between groups. However there was a slight increase in GL activation in the neutral 

group compared to pronators in the maximalist shoe (p = .14, a 32% increase). 
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Figure F. 4: GL Activation Ratio Compared to Neutral Shoe; Sub-Grouped by Alignment. Significance Values (p < 

.05): a – significantly different from neutral shoe; b – significantly different from BF; c – significant difference 

between pronators and neutral runners. 

 

 
Table F. 14: Significance Values for Changes in GL Activation Based on Alignment 

 

Shoe 1 Shoe 2 P Value Pronators P Values Neutral 

BF Minimalist 1.00 1.00 

BF Maximalist 0.81 0.97 

BF Neutral 0.24 0.85 

BF Stability 0.45 0.88 

Minimalist Maximalist 0.74 1.00 

Minimalist Neutral 0.28 0.96 

Minimalist Stability 0.52 0.97 

Maximalist Neutral 0.08 1.00 

Maximalist Stability 0.15 1.00 

Neutral Stability 0.96 1.00 

 

 
Table F. 15: GL Activation Ratios – Pronators and Neutral Subjects Comparison 

 

Group BF Min. Maximalist Stability 

Pronators – 

Average ± Stdev. 

0.75 ± 0.07 0.76 ± 0.03 0.64 ± 0.20 0.94 ± 0.08 

Neutral – Average 

± Stdev. 

0.90 ± 0.16 0.93 ±0.29 0.96 ± 0.27 0.99 ± 0.36 

P value 0.26 0.46 0.14 0.83 
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Gastrocnemius Medialis (GM) Activation 

The following section includes tables with the significance values for changes in 

gastrocnemius medialis (GM) activation based on shoe type. The following section 

includes additional tables with the significance values for changes in ankle 

plantar/dorsiflexion based on shoe type for the RFS/FFS and high/low mileage sub-

groups. It also includes figures for the pronator/neutral alignment sub-group with 

significance values. 

Gastrocnemius Medialis (GM) Activation Results – All Subjects 

Table F. 16: Significance Values for Changes in GM Activation 

Shoe 1 Shoe 2 P Value GL 

BF Minimalist 0.89 

BF Maximalist 0.19 

BF Neutral 0.29 

BF Stability 0.07 

Minimalist Maximalist 0.68 

Minimalist Neutral 0.84 

Minimalist Stability 0.40 

Maximalist Neutral 1.00 

Maximalist Stability 0.99 

Neutral Stability 0.90 

Table F. 17: Activation Ratios GM – All Subjects 

BF Min Maximalist Stability 

Average 0.80 0.90 1.04 1.08 

Stdev 0.15 0.21 0.35 0.30 

Gastrocnemius Medialis Activation Results – Strike Pattern 

Subjects were grouped by strike pattern: RFS (n = 6) and FFS (n= 5). 
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Table F. 18: Significance Values for Changes in GM Activation Based on Strike Pattern 

 

Shoe 1 Shoe 2 P Value RFS P Value FFS 

BF Minimalist 0.87 1.00 

BF Maximalist 0.11 1.00 

BF Neutral 0.72 0.24 

BF Stability 0.13 0.88 

Minimalist Maximalist 0.39 1.00 

Minimalist Neutral 1.00 0.37 

Minimalist Stability 0.46 0.94 

Maximalist Neutral 0.48 0.35 

Maximalist Stability 1.00 0.95 

Neutral Stability 0.57 0.84 

 

 
Table F. 19: GM Activation Ratios – RFS and FFS Comparison 

 

Group BF Min. Maximalist Stability 

RFS – Average ± Stdev. 0.81 ± 0.18 0.96 ± 0.23 1.22 ± 0.36 1.19 ± 0.29 

FFS – Average ± Stdev. 0.80 ± 0.14 0.81 ± 0.14 0.82 ± 0.19 0.89 ± 0.25 

P value 0.06 0.44 0.53 0.33 

 

 

Gastrocnemius Medialis Activation Results – Mileage 

 

 Subjects were also grouped by weekly mileage: high (n = 5) and low (n = 6) 

mileage. 

 
Table F. 20: Significance Values for Changes in GM Activation Based on Mileage 

 

Shoe 1 Shoe 2 P Value High Mileage P Value Low Mileage 

BF Minimalist 0.98 0.70 

BF Maximalist 0.99 0.19 

BF Neutral 0.56 0.46 

BF Stability 0.09 0.29 

Minimalist Maximalist 0.84 0.80 

Minimalist Neutral 0.30 1.00 

Minimalist Stability 0.04 0.93 

Maximalist Neutral 0.85 0.93 

Maximalist Stability 0.20 1.00 

Neutral Stability 0.63 0.99 
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Table F. 21: GM Activation Ratios – High and Low Mileage Subjects Comparison 

Group BF Min. Maximalist Stability 

High Mileage – 

Average ± Stdev. 0.89 ± 0.15 0.84 ± 0.11 0.93 ± 0.18 1.11 ± 0.09 

Low Mileage – 

Average ± Stdev. 0.70 ± 0.06 0.94 ± 0.26 1.13 ± 0.44 1.07 ± 0.39 

P value 0.03 0.20 0.08 0.36 

Gastrocnemius Medialis Activation Results – Alignment 

Subjects were grouped based on alignment: pronators (n = 1) and neutral (n = 8) 

(Fig. F.5).  Statistical analysis could not be performed on the pronator sub-group since 

only one subject had full EMG data available. The pronator sub-group is for comparison 

only. Among neutral subjects the BF condition, minimalist, maximalist, and stability 

shoes were not significantly different than the neutral shoe. While not statistically 

significant, among the neutral subjects there was a 19% decrease in GM activation in the 

BF condition compared to the neutral shoe. The single pronating subject available for 

analysis showed a 23% decrease in GM activation in the BF condition compared to 

neutral, a 17% decrease in the GM activation in the maximalist shoe compared to neutral, 

and a 28% decrease in GM activation in the stability shoe compared to neutral. However 

among the neutral subjects there was a slight increase in GM activation in the maximalist 

and stability shoe compared to BF (p = .19; a 25% increase and p = .06; a 31% increase, 

respectively). Since only one subject was available for analysis there was no statistical 

comparison between groups.  
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Figure F. 5: GM Activation Ratio Compared to Neutral Shoe; Sub-Grouped by Alignment. Significance Values (p < 

.05): a – significantly different from neutral shoe; b – significantly different from BF; c – significant difference 

between pronators and neutral runners. 

 

 
Table F. 22: Significance Values for Changes in GL Activation Based on Alignment 

 

Shoe 1 Shoe 2 P Values Neutral 

BF Minimalist 0.94 

BF Maximalist 0.19 

BF Neutral 0.38 

BF Stability 0.06 

Minimalist Maximalist 0.59 

Minimalist Neutral 0.85 

Minimalist Stability 0.26 

Maximalist Neutral 0.98 

Maximalist Stability 0.98 

Neutral Stability 0.76 
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Table F. 23: GM Activation Ratios – Pronators and Neutral Subjects Comparison 

Group BF Min. Maximalist Stability 

Pronators – 

Average ± Stdev. 

0.77 0.94 0.83 0.72 

Neutral – 

Average ± Stdev. 

0.81 ± 0.16 0.90 ± 0.22 1.06 ± 0.36 1.12 ± 0.29 

P value 0.26 0.46 0.14 0.83 

Tibialis Anterior (TA) Activation 

The following section includes tables with the significance values for changes in 

tibialis anterior (TA) activation based on shoe type. The following section includes 

additional tables with the significance values for changes in ankle plantar/dorsiflexion 

based on shoe type for the RFS/FFS and high/low mileage sub-groups. It also includes 

figures for the pronator/neutral alignment sub-group with significance values. 

Tibialis Anterior (TA) Activation Results – All Subjects 

There was no difference in TA activation between all shod running conditions 

when all subjects were grouped together. 

Table F. 24: Significance Values for Changes in TA Activation 

Shoe 1 Shoe 2 P Value TA 

BF Minimalist 1.00 

BF Maximalist 1.00 

BF Neutral 0.77 

BF Stability 0.81 

Minimalist Maximalist 1.00 

Minimalist Neutral 0.81 

Minimalist Stability 0.84 

Maximalist Neutral 0.85 

Maximalist Stability 0.88 

Neutral Stability 1.00 
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Table F. 25: Activation Ratios TA - All Subjects 

 

 BF Min Maximalist Stability 

Average  0.86 0.86 0.88 1.00 

Stdev 0.16 0.26 0.28 0.63 

 

 

Tibialis Anterior Activation Results – Strike Pattern 

 

 Subjects were grouped by strike pattern: RFS (n = 8) and FFS (n= 4). 

 
Table F. 26: Significance Values for Changes in TA Activation Based on Strike Pattern 

 

Shoe 1 Shoe 2 P Value RFS P Value FFS 

BF Minimalist 1.00 1.00 

BF Maximalist 1.00 1.00 

BF Neutral 0.94 0.91 

BF Stability 0.97 0.52 

Minimalist Maximalist 1.00 1.00 

Minimalist Neutral 0.88 0.94 

Minimalist Stability 0.99 0.62 

Maximalist Neutral 0.92 0.96 

Maximalist Stability 0.97 0.62 

Neutral Stability 0.62 0.93 

 

 
Table F. 27: TA Activation Ratios – RFS and FFS Comparison 

 

Group BF Min. Maximalist Stability 

RFS – Average ± Stdev. 0.92 ± 0.15 0.91 ± 0.27 0.92 ± 0.27 0.85 ± 0.25 

FFS – Average ± Stdev. 0.75 ± 0.12 0.78 ± 0.24 0.82 ± 0.30 1.23 ± 0.98 

P value 0.06 0.44 0.53 0.33 

 

 

Tibialis Anterior Activation Results – Mileage 

 

 Subjects were also grouped by weekly mileage: high (n = 6) and low (n = 6) 

mileage.  
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Table F. 28: Significance Values for Changes in GL Activation Based on Mileage 

 

Shoe 1 Shoe 2 P Value High Mileage P Value Low Mileage 

BF Minimalist 1.00 1.00 

BF Maximalist 1.00 1.00 

BF Neutral 0.21 1.00 

BF Stability 0.99 0.91 

Minimalist Maximalist 1.00 1.00 

Minimalist Neutral 0.22 1.00 

Minimalist Stability 0.99 0.91 

Maximalist Neutral 0.13 1.00 

Maximalist Stability 0.96 0.95 

Neutral Stability 0.46 0.95 

 

 
Table F. 29: TA Activation Ratios – High and Low Mileage Subjects Comparison 

 

Group BF Min. Maximalist Stability 

High Mileage – 

Average ± Stdev. 

0.77 ± 0.10 0.77 ± 0.25 0.75 ± 0.24 0.82 ± 0.30 

Low Mileage – 

Average ± Stdev. 

0.96 ± 0.16 0.96 ± 0.25 1.00 ± 0.27 1.15 ± 0.81 

P value 0.03 0.20 0.08 0.36 

 

 

Tibialis Anterior Activation Results – Alignment 

 

 Subjects were grouped based on alignment: pronators (n = 2) and neutral (n = 13) 

(Fig. F.6). The pronator sub-group is for comparison only. Among pronators and neutral 

subjects the BF condition, minimalist, maximalist, and stability shoes were not 

significantly different than the neutral shoe. Though not statistically significant, among 

neutral subjects there was a 16% decrease in TA activation in the BF condition compared 

to neutral. There were no significant differences between the shod and BF conditions 

between the pronators and neutral subjects. There were other statistically significant 

differences between groups.   
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Figure F. 6: TA Activation Ratio Compared to Neutral Shoe; Sub-Grouped by Alignment. Significance Values (p < 

.05): a – significantly different from neutral shoe; b – significantly different from BF; c – significant difference 

between pronators and neutral runners. 

 

 
Table F. 30: Significance Values for Changes in GL Activation Based on Alignment 

 

Shoe 1 Shoe 2 P Value Pronators P Values Neutral 

BF Minimalist 1.00 1.00 

BF Maximalist 1.00 1.00 

BF Neutral 1.00 0.79 

BF Stability 1.00 0.77 

Minimalist Maximalist 1.00 1.00 

Minimalist Neutral 0.98 0.85 

Minimalist Stability 1.00 0.82 

Maximalist Neutral 0.99 0.88 

Maximalist Stability 1.00 0.86 

Neutral Stability 0.97 1.00 

 

 
Table F. 31: TA Activation Ratios – Pronators and Neutral Subjects Comparison 

 

Group BF Min. Maximalist Stability 

Pronators – 

Average ± Stdev. 

0.96 ± 0.25 0.92 ± 0.06 0.94 ± 0.20 1.00 ± 0.11 

Neutral – 

Average ± Stdev. 

0.84 ± 0.14 0.85 ± 0.28 0.87 ±0.30 1.00 ±0.68 

P value 0.34 0.75 0.76 0.83 
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Vertical Instantaneous Loading Rate 

The following section includes tables with the significance values for changes in 

loading rate based on shoe type. They were not included in the body of the thesis due to 

space constraints. The following section includes additional tables with the significance 

values for changes in ankle plantar/dorsiflexion based on shoe type for the RFS/FFS and 

high/low mileage sub-groups. It also includes figures for the pronator/neutral alignment 

sub-group with significance values. 

Vertical Instantaneous Load Rate (VILR) Results – All Subjects 

The VILR in the minimalist, maximalist, and stability shoes were not significantly 

different than the neutral shoe.  

Table F. 32: Significance Values for Changes in Loading Rate - All Subjects 

Shoe 1 Shoe 2 P Value 

BF Minimalist 0.00 

BF Maximalist 0.00 

BF Neutral 0.00 

BF Stability 0.00 

Minimalist Maximalist 0.98 

Minimalist Neutral 1.00 

Minimalist Stability 0.96 

Maximalist Neutral 1.00 

Maximalist Stability 1.00 

Neutral Stability 0.99 

Vertical Instantaneous Load Rate (VILR) – Strike Pattern 

Subjects were then grouped by strike pattern: RFS (n = 12) and FFS (n= 1). 
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Table F. 33: Significance Values for Changes in Loading Rate Based on Strike Pattern 

 

Shoe 1 Shoe 2 P Value RFS P Value FFS 

BF Minimalist 0.01 0.24 

BF Maximalist 0.00 0.68 

BF Neutral 0.00 0.13 

BF Stability 0.00 0.81 

Minimalist Maximalist 0.99 0.72 

Minimalist Neutral 1.00 1.00 

Minimalist Stability 0.98 0.59 

Maximalist Neutral 1.00 0.58 

Maximalist Stability 1.00 1.00 

Neutral Stability 1.00 0.38 

 

 
Table F. 34: Significance Values for Changes in Loading Rate – RFS and FFS Comparison 

 

Group BF Min. Maximalist Stability 

RFS – Average ± 

Stdev. 

-170.00 ± 248.21 -10.06 ± 37.28 10.91 ± 26.28 14.04 ± 26.59 

FFS – Average ± 

Stdev. 

-37.02 (n = 1) -4.58(n = 1) 15.56 ± 41.06 19.46 ± 6.48 

P value 0.44 0.89 0.83 0.79 

 

 

Vertical Instantaneous Load Rate (VILR) – Mileage 

 

 Subjects were also grouped by weekly mileage: high (n = 6) and low (n = 6) 

mileage. 

 
Table F. 35: Significance Values for Changes in Loading Rate Based on Mileage 

 

Shoe 1 Shoe 2 P Value High Mileage P Value Low Mileage 

BF Minimalist 1.00 0.00 

BF Maximalist 0.89 0.00 

BF Neutral 0.99 0.00 

BF Stability 0.87 0.00 

Minimalist Maximalist 0.95 0.99 

Minimalist Neutral 1.00 1.00 

Minimalist Stability 0.94 0.98 

Maximalist Neutral 0.98 1.00 

Maximalist Stability 1.00 1.00 
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Table F. 36: Significance Values for Changes in Loading Rate– High and Low Mileage Subjects Comparison 

 

Group BF Min. Maximalist Stability 

High Mileage – 

Average ± Stdev. 

-10.37± 99.28 -6.67 ± 30.99 10.92 ± 29.70 11.79 ± 23.80 

Low Mileage – 

Average ± Stdev. 

-259.12 ± 269.39 -11.49 ± 40.36 12.45 ± 25.05 18.16 ± 27.26 

P value 0.04 0.82 0.92 0.64 

 

 

Vertical Instantaneous Load Rate (VILR) – Alignment 

 

 Subjects were grouped based on alignment: pronators (n = 2) and neutral (n = 10). 

 
Table F. 37: Significance Values for Changes in Loading Rate Based on Alignment 

 

Shoe 1 Shoe 2 P Value Pronators P Values Neutral 

BF Minimalist 0.50 0.00 

BF Maximalist 0.46 0.00 

BF Neutral 0.35 0.00 

BF Stability 0.33 0.00 

Minimalist Maximalist 1.00 0.98 

Minimalist Neutral 1.00 1.00 

Minimalist Stability 1.00 0.97 

Maximalist Neutral 1.00 0.99 

Maximalist Stability 1.00 1.00 

Neutral Stability 1.00 0.98 

 

 
Table F. 38: Significance Values for Changes in Loading Rate – Pronators and Neutral Subjects Comparison 

 

Group BF Min. Maximalist Stability 

Pronators – 

Average ± Stdev. 

-167.12 ± 290.31 -4.60 ± 0.78 -12.31± 24.11 12.99 ± 16.81 

Neutral – 

Average ± Stdev. 

-175.89± 260.75 -5.45 ± 35.43 18.41 ± 24.36 20.94 ± 21.17 

P value 0.97 0.97 0.08 0.56 

 

 

Ankle Eversion 

 

 The following section includes tables with the significance values for changes in 

ankle peak eversion based on shoe type for the RFS/FFS and pronator/neutral alignment 
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sub-groups. It also includes figures for the high/low mileage sub-group with significance 

values. 

 

Ankle Eversion Results – All Subjects 

 

 
Table F. 39: Significance Values for Change in Ankle Eversion - All Subjects 

 

Shoe 1 Shoe 2 P Value 

BF Minimalist 0.00 

BF Maximalist 0.82 

BF Neutral 0.84 

BF Stability 0.03 

Minimalist Maximalist 0.04 

Minimalist Neutral 0.04 

Minimalist Stability 0.89 

Maximalist Neutral 1.00 

Maximalist Stability 0.28 

Neutral Stability 0.26 

 

 

Ankle Eversion Results – Strike Pattern 

 

 Subjects were grouped by strike pattern: RFS (n = 14) and FFS (n= 9).  

 
Table F. 40: Significance Values for Changes in Ankle Eversion Based on Strike Pattern 

 

Shoe 1 Shoe 2 P Value RFS P Value FFS 

BF Minimalist 0.03 0.17 

BF Maximalist 1.00 0.57 

BF Neutral 1.00 0.62 

BF Stability 0.16 0.29 

Minimalist Maximalist 0.06 0.90 

Minimalist Neutral 0.06 0.86 

Minimalist Stability 0.95 0.99 

Maximalist Neutral 1.00 1.00 

Maximalist Stability 0.24 0.99 

Neutral Stability 0.24 0.98 
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Table F. 41: Significance Values for Changes in Ankle Eversion – RFS and FFS Comparison 

Group BF Min. Maximalist Stability 

RFS – Average 

± Stdev. 

-0.17 ± 2.82 1.86 ± 1.66 -0.01 ± 1.35 1.38 ± 1.80 

FFS – Average 

± Stdev. 

-1.10 ± 1.33 0.78 ± 1.53 0.06 ± 2.67 0.44 ±1.12 

P value 0.40 0.17 0.93 0.18 

Ankle Eversion Results - Mileage 

Subjects were also grouped by weekly mileage: high (n = 12) and low (n = 11) 

mileage (Fig. F.7).  

Figure F. 7: Change in Peak Ankle Eversion Compared to Neutral; Sub-Grouped by Mileage. Positive values indicate 

decreased eversion compared to neutral shoe. Significance Values (p < .05): a – significantly different from neutral; b – 

significantly different from BF; c - significant difference between high and low mileage 
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Table F. 42: Significance Values for Changes in Ankle Eversion Based on Mileage 

 

Shoe 1 Shoe 2 P Value High Mileage P Value Low Mileage 

BF Minimalist 0.03 0.14 

BF Maximalist 0.99 0.85 

BF Neutral 0.97 0.92 

BF Stability 0.49 0.11 

Minimalist Maximalist 0.08 0.62 

Minimalist Neutral 0.11 0.49 

Minimalist Stability 0.54 1.00 

Maximalist Neutral 1.00 1.00 

Maximalist Stability 0.77 0.52 

Neutral Stability 0.86 0.39 

 

  
Table F. 43: Significance Values for Changes in Ankle Eversion – High and Low Mileage Comparison 

 

Group BF Min. Maximalist Stability 

High Mileage – 

Average ± Stdev. 

-0.40 ± 1.88 1.72 ± 1.59 -0.11 ± 2.14 0.64 ± 1.34 

Low Mileage – 

Average ± Stdev. 

-0.68 ± 3.02  1.29 ± 1.76 0.17 ± 1.72 1.42 ± 1.83 

P value 0.80 0.58 0.74 0.26 

 

 

Ankle Eversion Results – Alignment  

 

 Subjects were grouped based on alignment: pronators (n = 4) and neutral (n = 19).  

 
Table F. 44: Significance Values for Changes in Ankle Eversion Based on Alignment 

 

Shoe 1 Shoe 2 P Value Pronators P Values Neutral 

BF Minimalist 0.36 0.01 

BF Maximalist 0.99 0.84 

BF Neutral 0.96 0.65 

BF Stability 0.64 0.05 

Minimalist Maximalist 0.59 0.08 

Minimalist Neutral 0.15 0.17 

Minimalist Stability 0.97 0.92 

Maximalist Neutral 0.80 1.00 

Maximalist Stability 0.88 0.38 

Neutral Stability 0.30 0.59 
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Table F. 45: Significance Values for Changes in Ankle Eversion – Pronators and Neutral Subject Comparison 

Group BF Min. Maximalist Stability 

Pronators – 

Average ± Stdev. 

0.61 ± 1.53 2.54 ± 0.29 1.04 ± 2.36 1.93 ± .060 

Neutral – 

Average ± Stdev. 

-0.79 ± 2.48 1.30 ± 1.74 -0.19 ± 1.81 0.82 ± 1.70 

P value 0.30 0.24 0.25 0.22 

Ankle Internal Rotation 

The following section includes tables with the significance values for changes in 

ankle internal rotation based on shoe type for the RFS/FFS and pronator/neutral 

alignment sub-groups. It also includes figures for the high/low mileage sub-group with 

significance values. 

Ankle Internal Rotation Results- All Subjects 

Table F. 46: Significance Values for Change in Ankle Internal Rotation - All Subjects 

Shoe 1 Shoe 2 P Value 

BF Minimalist 0.00 

BF Maximalist 0.01 

BF Neutral 0.12 

BF Stability 0.01 

Minimalist Maximalist 0.79 

Minimalist Neutral 0.25 

Minimalist Stability 0.74 

Maximalist Neutral 0.88 

Maximalist Stability 1.00 

Neutral Stability 0.92 

Ankle Internal Rotation Results – Strike Pattern 

Subjects were grouped by strike pattern: RFS (n = 14) and FFS (n= 9).  
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Table F. 47: Significance Values for Changes in Ankle Internal Rotation Based on Strike Pattern 

 

Shoe 1 Shoe 2 P Value RFS P Value FFS 

BF Minimalist 0.00 0.73 

BF Maximalist 0.04 0.33 

BF Neutral 0.37 0.45 

BF Stability 0.08 0.27 

Minimalist Maximalist 0.28 0.97 

Minimalist Neutral 0.03 0.99 

Minimalist Stability 0.19 0.94 

Maximalist Neutral 0.83 1.00 

Maximalist Stability 1.00 1.00 

Neutral Stability 0.92 1.00 

 

 
Table F. 48: Significance Values for Changes in Ankle Internal Rotation – RFS and FFS Comparison 

 

Group BF Min. Maximalist Stability 

RFS – Average ± 

Stdev. 

-1.91 ± 3.83 3.17 ± 3.35 1.08 ± 2.19 0.84 ± 2.72 

FFS – Average ± 

Stdev. 

-2.32 ± 3.45 -0.59 ± 3.68 0.29 ± 2.06 0.46 ± 3.32 

P value 0.81 0.03 0.40 0.76 

 

 

Ankle Internal Rotation Results – Mileage 

 

 Subjects were also grouped by weekly mileage: high (n = 12) and low (n = 11) 

mileage (Fig. F.8).   
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Figure F. 8: Change in Peak Ankle Internal Rotation Compared to Neutral; Sub-Grouped by Mileage. Positive values 

indicated decreased internal rotation compared to neutral shoe. Significance Values (p < .05):  a – significantly 

different from neutral; b – significantly different from BF; c – significant difference between RFS and FFS.   

Table F. 49: Significance Values for Changes in Ankle Internal Rotation Based on Mileage 

Shoe 1 Shoe 2 P Value High Mileage P Value Low Mileage 

BF Minimalist 0.04 0.02 

BF Maximalist 0.19 0.11 

BF Neutral 0.65 0.25 

BF Stability 0.27 0.10 

Minimalist Maximalist 0.92 0.94 

Minimalist Neutral 0.48 0.75 

Minimalist Stability 0.85 0.95 

Maximalist Neutral 0.92 0.99 

Maximalist Stability 1.00 1.00 

Neutral Stability 0.97 0.99 

Table F. 50: Significance Values for Changes in Ankle Internal Rotation – High and Low Mileage Comparison 

Group BF Min. Maximalist Stability 

High Mileage – 

Average ± Stdev. 

-1.64 ± 4.22 2.05 ± 4.52 0.99 ± 2.20 0.78 ±1.36 

Low Mileage – 

Average ± Stdev. 

-2.64 ± 2.72 1.45 ± 3.36 0.53 ± 2.13 0.60 ± 4.05 

P value 0.54 0.74 0.61 0.89 
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Ankle Internal Rotation Results – Alignment  

 

 Subjects were grouped based on alignment: pronators (n = 4) and neutral (n = 19). 

 
Table F. 51: Significance Values for Changes in Ankle Internal Rotation Based on Alignment 

 

Shoe 1 Shoe 2 P Value Pronators P Values Neutral 

BF Minimalist 0.07 0.00 

BF Maximalist 0.85 0.02 

BF Neutral 0.95 0.15 

BF Stability 0.62 0.03 

Minimalist Maximalist 0.32 0.98 

Minimalist Neutral 0.22 0.62 

Minimalist Stability 0.52 0.93 

Maximalist Neutral 1.00 0.90 

Maximalist Stability 0.99 1.00 

Neutral Stability 0.95 0.97 

 

 
Table F. 52: Significance Values for Changes in Ankle Internal Rotation – Pronators and Neutral Subject Comparison 

 

Group BF Min. Maximalist Stability 

Pronators – 

Average ± Stdev. 

-1.19 ± 2.85 4.00 ± 3.64 0.47 ± 2.37 1.15 ± 1.63 

Neutral – 

Average ± Stdev. 

-2.27 ± 3.80 1.36 ± 3.87 0.84 ± 2.14 0.60 ± 3.13 

P value 0.60 0.29 0.76 0.74 

 

 

Hip Adduction 

 

 Hip adduction [51,52] and rotation [60] have been identified as a risk factor for 

TSF. Previous studies by Pohl et al. [51] and Milner et al. [52] have noted significant 

differences between the hip adduction of patients who suffer from TSF and healthy 

controls (Table 65).  

 
Table F. 53: Hip Adduction of TSF Subjects and Healthy Controls 

 

References TSF Controls 

Pohl et al. [51] 11.7 ± 5.0 7.7 ± 3.8 

Milner et al. [52] 11.6 ± 5.0 8.1 ± 3.7 
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All shoes and results in this study were compared to the neutral shoes (Nike 

Pegasus). For this section (Hip Adduction) all measurements were taken of the subjects’ 

dominant foot during stance phase. For all figures in this section (Hip Adduction), 

positive values along the y-axis indicate a decrease in max hip adduction compared to the 

neutral shoe. A decrease in hip adduction is beneficial in reducing the risk of TSF 

[51,52]. 

Hip Adduction Results – All Subjects 

The results of the hip adduction is shown below (Fig. F.9) 

Table F. 54: Significance Values for Change in Hip Adduction - All Subjects 

Shoe 1 Shoe 2 P Value 

BF Minimalist 0.79 

BF Maximalist 0.56 

BF Neutral 0.99 

BF Stability 1.00 

Minimalist Maximalist 1.00 

Minimalist Neutral 0.96 

Minimalist Stability 0.85 

Maximalist Neutral 0.82 

Maximalist Stability 0.63 

Neutral Stability 1.00 
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Figure F. 9: Change in peak hip adduction compared to neutral; All Subjects. Positive values indicate a decrease in hip 

adduction compared to neutral shoe. Significance Values (p < .05): a – significantly different from neutral; b – 

significantly different from BF. 

 

 

Hip Adduction Results – Strike Pattern 

 

 Subjects were grouped by strike pattern: RFS (n = 14) and FFS (n= 9) (Fig. F.10).  

 
Table F. 55: Significance Values for Changes in Hip Adduction Based on Strike Pattern 

 

Shoe 1 Shoe 2 P Value RFS P Value FFS 

BF Minimalist 0.98 0.82 

BF Maximalist 0.66 0.95 

BF Neutral 1.00 0.97 

BF Stability 0.99 0.94 

Minimalist Maximalist 0.93 0.99 

Minimalist Neutral 0.99 0.98 

Minimalist Stability 0.85 0.99 

Maximalist Neutral 0.70 1.00 

Maximalist Stability 0.36 1.00 

Neutral Stability 0.98 1.00 
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Figure F. 10: Change in Peak Hip Adduction Compared to Neutral; Sub-Grouped by Strike Pattern. Positive values 

indicate a decrease in hip adduction compared to neutral shoe. Significance Values (p < .05): a – significantly different 

from neutral; b – significantly different from BF; c – significant difference between RFS and FFS.   

Table F. 56: Significance Values for Changes in Hip Adduction – RFS and FFS Comparison 

Group BF Min. Maximalist Stability 

RFS – Average ± 

Stdev. 

0.06 ± 1.63 -0.27 ± 1.56 -0.73 ± 1.27 0.32 ± 2.17 

FFS – Average ± 

Stdev. 

0.46 ± 2.11 -0.42 ± 1.35 -0.08 ± 1.87 -0.11 ± 1.70

P value 0.62 0.82 0.33 0.62 

Hip Adduction Results - Mileage 

Subjects were also grouped by weekly mileage: high (n = 12) and low (n = 11) 

mileage (Fig. F.11). 
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Figure F. 11: Change in Peak Hip Adduction Compared to Neutral; Sub-Grouped by Strike Mileage. Positive values 

indicate a decrease in hip adduction compared to neutral shoe. Significance Values (p < .05): a – significantly different 

from neutral; b – significantly different from BF; c – significant difference between high and low mileage.   

 

 
Table F. 57: Significance Values for Changes in Hip Adduction Based on Mileage 

 

Shoe 1 Shoe 2 P Value High Mileage P Value Low Mileage 

BF Minimalist 1.00 0.85 

BF Maximalist 0.67 0.89 

BF Neutral 0.99 1.00 

BF Stability 0.99 1.00 

Minimalist Maximalist 0.88 1.00 

Minimalist Neutral 1.00 0.94 

Minimalist Stability 1.00 0.77 

Maximalist Neutral 0.88 0.96 

Maximalist Stability 0.90 0.82 

Neutral Stability 1.00 0.99 

 

 
Table F. 58: Significance Values for Changes in Hip Adduction – High and Low Mileage Comparison 

 

Group BF Min. Maximalist Stability 

High Mileage – 

Average ± Stdev. 

0.18 ± 1.49 0.04 ± 1.36 -0.41 ± 0.94 -0.02 ± 1.06 

Low Mileage – 

Average ± Stdev. 

0.25 ± 2.22 -0.62 ± 1.53 -0.55 ± 2.03 0.33 ± 2.69 

P value 0.94 0.33 0.84 0.67 
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Hip Adduction Results – Alignment 

Subjects were grouped based on alignment: pronators (n = 4) and neutral (n = 19) 

(Fig. F.12). 

Figure F. 12: Change in peak hip adduction compared to neutral; sub-grouped by alignment. Positive values indicate 

decreased adduction compared to neutral shoe. Significance Values (p < .05): a – significantly different from neutral; b 

– significantly different from BF; c – significant difference between pronators and neural.

Table F. 59: Significance Values for Changes in Hip Adduction Based on Alignment 

Shoe 1 Shoe 2 P Value Pronators P Values Neutral 

BF Minimalist 0.94 0.61 

BF Maximalist 1.00 0.56 

BF Neutral 1.00 0.99 

BF Stability 1.00 1.00 

Minimalist Maximalist 0.86 1.00 

Minimalist Neutral 0.95 0.87 

Minimalist Stability 0.85 0.61 

Maximalist Neutral 1.00 0.84 

Maximalist Stability 1.00 0.57 

Neutral Stability 1.00 0.99 

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

BF Min. Max. Stability

D
eg

re
es

Shoe Condition

Pronator

Neutral



191 

 

Table F. 60: Significance Values for Changes in Hip Adduction – Pronators and Neutral Subject Comparison 

 

Group BF Min. Maximalist Stability 

Pronators – 

Average ± Stdev. 

-0.02 ± 0.92 0.72 ± 0.81 -0.27 ± 2.44 -0.29 ± 0.93 

Neutral – 

Average ± Stdev. 

0.27  ± 1.96 -0.50 ± 1.48 -0.52 ± 1.36 0.24 ± 2.13 

P value 0.78 0.19 0.77 0.63 

 

 

Hip Internal Rotation 

 

 Hip external rotation has also been identified as a risk factor for TSF [60]. 

However, Finestone et al.  measured hip external rotation while subjects had their hips 

flexed at 90 degrees [60]. TSF subjects all had an external hip rotation greater than 65 

degrees. Milner et al. [52] found no difference in the hip internal rotation between TSF 

subjects and controls in their study (Table F.61). Therefore hip rotation was a variable of 

interest for the current study.  

 

Table F. 61: Hip Internal Rotation of TSF Subjects and Healthy Controls 

 

Reference TSF Controls 

Milner et al. [52] 6.6 ± 5.0 8.5 ± 6.1 

 

 

 All shoes and results in this study were compared to the neutral shoes (Nike 

Pegasus). For this section (Hip Internal Rotation) all measurements were taken of the 

subjects’ dominant foot during stance phase. For all figures in this section (Hip Internal 

Rotation), positive values along the y-axis indicate a decrease in hip internal rotation 

compared to the neutral shoe. A decrease in hip internal rotation is beneficial to reduce 

the risk of TSF [60]. 

 

Hip Internal Rotation Results- All Subjects 

 

The results of the hip internal rotation are shown below (Fig. F.13) 



192 

Figure F. 13: Change in Hip Internal Rotation Compared to Neutral; All Subjects. Positive values indicate decreased 

hip internal rotation compared to neutral shoe. Significance Values (p < .05): a – significantly different from neutral; b 

– significantly different from BF.

Table F. 62: Significance Values for Change in Hip Internal Rotation - All Subjects 

Shoe 1 Shoe 2 P Value 

BF Minimalist 0.42 

BF Maximalist 0.30 

BF Neutral 0.08 

BF Stability 0.16 

Minimalist Maximalist 1.00 

Minimalist Neutral 0.93 

Minimalist Stability 0.99 

Maximalist Neutral 0.96 

Maximalist Stability 1.00 

Neutral Stability 1.00 

Hip Internal Rotation Results – Strike Pattern 

Subjects were grouped by strike pattern: RFS (n = 14) and FFS (n= 9) (Fig. F.14). 
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Figure F. 14: Change in Hip Internal Rotation Compared to Neutral; Sub-Grouped by Strike Pattern. Positive values 

indicate decreased hip internal rotation compared to neutral shoe. Significance Values (p < .05):  a – significantly 

different from neutral; b – significantly different from BF; c – significant difference between RFS and FFS. 

 

 
Table F. 63: Significance Values for Changes in Hip Internal Rotation Based on Strike Pattern 

 

Shoe 1 Shoe 2 P Value RFS P Value FFS 

BF Minimalist 0.83 0.37 

BF Maximalist 0.88 0.14 

BF Neutral 0.31 0.32 

BF Stability 0.59 0.24 

Minimalist Maximalist 1.00 0.99 

Minimalist Neutral 0.91 1.00 

Minimalist Stability 0.99 1.00 

Maximalist Neutral 0.85 0.99 

Maximalist Stability 0.98 1.00 

Neutral Stability 0.99 1.00 

 

 
Table F. 64: Significance Values for Changes in Hip Internal Rotation – RFS and FFS Comparison 

 

Group BF Min. Maximalist Stability 

RFS – Average 

± Stdev. 

3.01 ± 4.50 1.36 ± 3.12 1.53 ± 4.79 0.73 ± 5.34 

FFS – Average 

± Stdev. 

2.41 ± 3.65 -0.01 ± 2.65 -0.58 ± 2.28 -0.20 ± 2.87 

P value 0.75 0.34 0.23 0.64 
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Hip Internal Rotation Results – Mileage 

Subjects were also grouped by weekly mileage: high (n = 12) and low (n = 11) 

mileage (Fig. F.15). 

Figure F. 15: Change in Hip Internal Rotation Compared to Neutral; Sub-grouped by Mileage. Positive values indicate 

decreased hip internal rotation compared to neutral shoe. Significance Values (p < .05): Significance Values (p < .05):  

a – significantly different from neutral; b – significantly different from BF; c – significant difference between high and 

low mileage subjects. 

Table F. 65: Significance Values for Changes in Hip Internal Rotation Based on Mileage 

Shoe 1 Shoe 2 P Value High Mileage P Value Low Mileage 

BF Minimalist 0.22 0.97 

BF Maximalist 0.04 1.00 

BF Neutral 0.11 0.62 

BF Stability 0.01 0.99 

Minimalist Maximalist 0.98 1.00 

Minimalist Neutral 1.00 0.92 

Minimalist Stability 0.88 1.00 

Maximalist Neutral 0.99 0.77 

Maximalist Stability 1.00 1.00 

Neutral Stability 0.93 0.84 
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Table F. 66: Significance Values for Changes in Hip Internal Rotation – High and Low Mileage Comparison 

 

Group BF Min. Maximalist Stability 

High Mileage – 

Average ± Stdev. 

2.92 ± 3.44 0.23 ± 2.38 -0.51 ± 3.70 -0.95 ± 3.02 

Low Mileage – 

Average ± Stdev. 

2.60 ± 5.09 1.42 ± 3.39 2.03 ± 4.49 1.80 ± 5.46 

P value 0.86 0.39 0.14 0.15 

 

 

Hip Internal Rotation Results – Alignment  

 

 Subjects were grouped based on alignment: pronators (n = 4) and neutral (n = 19) 

(Fig. F.16). 

 

 
 
Figure F. 16: Change in Hip Internal Rotation Compared to Neutral; Sub-grouped by Alignment. Positive values 

indicate decreased hip internal rotation compared to neutral shoe. Significance Values (p < .05): significance Values (p 

< .05):  a – significantly different from neutral; b – significantly different from BF; c – significant difference between 

pronators and neutral subjects. 
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Table F. 67: Significance Values for Changes in Hip Internal Rotation Based on Alignment 

 

Shoe 1 Shoe 2 P Value Pronators P Values Neutral 

BF Minimalist 0.87 0.64 

BF Maximalist 0.82 0.51 

BF Neutral 0.66 0.21 

BF Stability 0.79 0.33 

Minimalist Maximalist 1.00 1.00 

Minimalist Neutral 1.00 0.95 

Minimalist Stability 1.00 0.99 

Maximalist Neutral 1.00 0.98 

Maximalist Stability 1.00 1.00 

Neutral Stability 1.00 1.00 

 

 
Table F. 68: Significance Values for Changes in Hip Internal Rotation – Pronators and Neutral Subject Comparison 

 

Group BF Min. Maximalist Stability 

Pronators – 

Average ± Stdev. 

3.60 ± 2.65 0.89 ± 0.55 0.78 ± 7.52 0.62 ± 0.99 

Neutral – 

Average ± Stdev. 

2.59 ± 4.43 0.88 ± 3.23 0.69 ± 3.28 0.31 ± 4.93 

P value 0.67 1.00 0.97 0.90 
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APPENDIX G 

Detailed Discussion of Variables in Each Shoe Condition 

Barefoot 

Ankle Plantar/Dorsiflexion 

It appears that across all divisions there is a characteristic increase in ankle 

plantar flexion when BF. Both FFS and RFS showed a significant increase in ankle 

plantar flexion in the BF condition compared to all shod conditions with the exception of 

FFS in the minimalist shoe.  High mileage subjects also had an increased plantar flexion 

compared to low mileage subjects though not statistically significant. Pronators also had 

an increased plantar flexion compared to neutral subjects though not statistically 

significant.  

This finding is supported by previous studies [69,79,83,135]. De Wit et al. noted 

that plantar flexion when BF running is an “actively induced adaptation strategy” to 

reduce the loading on the heel [135]. With the conventional labeling and comparisons 

used in the current study, an increase in plantar flexion does not necessarily equate to a 

FFS pattern. An increase in plantar flexion was compared merely to the neutral shoe. BF 

running with a continued RFS pattern rather than a transition to a FFS pattern can lead to 

injuries including TSF. RFS relies upon “passive mechanisms” for shock attenuation 

(shoe cushioning and heel fat pad) rather than eccentric contractions and kinematic 

alterations seen among FFS [169]. FFS exhibited less of a change in ankle plantar flexion 
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between the BF and neutral conditions, suggesting that the FFS pattern may be necessary 

to gain the benefits of BF running [71]. 

Ankle Eversion 

There were no statistically significant differences in ankle eversion between the 

BF condition and the neutral shoe. This was also found by De Wit et al. who found no 

change in rearfoot eversion between the BF and neutral shoe [135], though this was due 

to the high variability between subjects as seen in the current study. During their study 

however, De Wit et al. did find that the BF condition resulted in a decreased initial 

eversion at footstrike [135].  Recall that pronation is a combination of both eversion and 

internal rotation [86]. While the ankle eversion portion of pronation does not appear to be 

an issue in the BF condition as supported by the current study as well as previous 

findings [135], the rotational portion of pronation must also be considered and is 

addressed below. The combination of RFS, increased eversion, and increased ground 

reaction forces that are coupled with RFS could lead to TSF as well as other injuries.  

Ankle Internal Rotation 

The current study found that BF running caused an increase in ankle internal 

rotation compared to the neutral shoes, though not always statistically significant. 

Previous studies saw similar results in either a decrease in external rotation [78] or an 

increase in internal rotation [170]. Sinclair et al. found a decrease in the external rotation 

of the ankle while BF compared to neutral and BF-inspired (Vibram Five Finger) shoes 

[78].  
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 This increase in internal rotation could be linked with the increase in ankle plantar 

flexion in the BF condition. Recall that a FFS pattern has been linked with increased 

external tibial torsion [24]. This increase in external tibial torsion could be caused by 

decreased rotation at the knee joint increased ankle internal rotation. Further analysis of 

the 3D knee kinematics as is warranted (see Chapter Five).  

 While the ankle eversion portion of pronation does not appear to be affected by 

the BF condition, the increase in ankle internal rotation could cause problems for those 

suffering or at risk for TSF. This may be especially troublesome for pronators who 

already experience increased internal rotation. This increased internal rotation could be 

lessened based on muscle activation patterns [24,25]. This suggests that there are possible 

strengthening exercises that could decrease the internal rotation and decrease the risk of 

TSF.  

 

Muscle Activation  

 

 Subjects saw no statistically significant changes in GL activation patterns in the 

BF condition compared to neutral. This is in contrast to findings by previous studies 

[70,76,80,83]. Divert et al. measured increased GL activation while BF compared to 

neutral during a four-minute treadmill running session [83]. The authors noted that this 

increased pre-activation of the GM and GL not only reduce the impact peak during 

running but could also improve the elastic energy storage off the ankle [83]. This allows 

for the “inherit springy-ness” of BF running and increased propulsive force.  Fleming et 

al. [76] also found increased pre-activation of the GL and GM along with reduced 

activation of the TA when habitually shod males ran BF for 1 minute on a treadmill. 
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Previous studies by Olin and Gutierrez [70] and von Tscahrner et al. [80] also noted 

decreases in TA activation while BF.  

 However it is also possible that the decreased GM and GL activation among most 

subjects while BF is a response of their decreased ability to eccentrically control the load 

upon footstrike resulting in such increased VILR and TVGRF as discussed below [72]. 

The results of the muscle activation portion of this study should be viewed in light of the 

study’s limitations. It is possible that the short running track utilized in the current study 

and the neutral shoe being tested first affected the muscle activation patterns resulting in 

the differing results from previous studies (see Chapter Five for Limitations). Future 

studies should include a longer track for testing, randomization of all running conditions, 

and testing while runners are fatigued (see Chapter Five for future works).  

 

Transient Vertical Ground Reaction Force 

 

 Only three subjects saw an elimination of the transient vertical ground reaction 

force (TVGRF) in the BF condition. FFS were less likely to have a TVGRF; six FFS 

subjects had no TVGRF in any running condition. Of the remaining three FFS, two 

eliminated the TVGRF in the BF condition. Among RFS, the BF condition eliminated the 

TVGRF among 20% of subjects. Among high mileage subjects 14% saw an elimination 

of the TVGRF; among low mileage subjects 10% saw an elimination of the TVGRF in 

the BF condition. These findings suggest that for some subjects the first attempt at BF 

running results in an elimination of the TVGRF.  

 These findings are representative of previous studies with conflicting results about 

the effect of BF running on the vertical ground reaction force [74,83,135]. The results of 

the current study suggest that adequate muscular strength and plantar flexion are required 
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to perform BF running with reduced impact force. The increased plantar flexion is caused 

by increased activation of the GM, GL, and SOL [59,77,84]. The eccentric contraction 

upon landing modulates the loading rate and impact force [72].  This allows foot and 

ankle to act as shock absorbers [59,85]. 

 

Vertical Instantaneous Loading Rate 

 

 BF running was characterized by an increased VILR among RFS, low mileage 

subjects, and neutral subjects. This increased in VILR has also been seen with an increase 

in TVGRF [43] and knee stiffness [45]. Previous studies have also noted an increased 

loading rate upon the first attempt at BF running [70,78]. However Shih et al. found that 

the strike pattern rather than the running condition had more of an effect on loading rate 

[71]. The FFS pattern decreased the loading rate when both BF and shod [71]. BF-RFS 

generated loading rates higher than S-RFS [71]. Continual BF-RFS could lead to injury 

[71]. 

 It is interesting to note that the BF condition had the greatest standard deviation in 

VILR among the running conditions. This suggests that runners had a variety of 

responses to the BF condition and some may have been better trained than others at the 

proper loading technique while BF. Most notably the FFS and high mileage subjects 

showed no significant difference in loading rate between the BF and other running 

conditions. This suggests that these subjects either a) utilize the FFS pattern to reduce the 

loading rate or b) have learned to properly moderate their loading pattern. In either case 

this requires the use of eccentric muscle contraction upon footstrike to effectively slow 

down the loading rate [72]. This increased muscular strength found in FFS and high 

mileage subjects suggests that they may be more suited to BF running. It is also further 
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indication that increasing mileage or changing to a FFS pattern must be done gradually 

and with caution to allow for the muscles and bone to adapt to the new loading 

conditions.    

 

Minimalist Shoes 

 

 

Ankle Plantar/Dorsiflexion 

 

 Across the sub-groups there was no statistically significant difference in plantar 

flexion in the minimalist shoe compared to neutral. This is supported by findings of 

previous studies who also evaluated the Nike Free minimalist shoe [69,78,87]. Willy and 

Davis saw an initial increase in ankle dorsiflexion when subjects ran in the minimalist 

shoe compared to the neutral shoe [87]. However this dorsiflexion decreased during the 

ten minute training session but still did transition to a mid or FFS pattern [87]. Squadrone 

et al. evaluated the effectiveness of six minimalist shoes at mimicking BF running [69]. 

The authors found that the Nike Free was no different than running in a standard shoe 

(Saucony ProGrid Guide) [69]. Sinclair et al. also found increased ankle plantar flexion 

in the BF condition compared to the minimalist shoe [78].  

 FFS interestingly showed no significant difference in ankle plantar flexion 

between BF and minimalist conditions. This suggests that FFS may be able to run in 

minimalist shoes with similar ankle plantar flexion angles as when BF and thus gain the 

benefits of BF running. A FFS pattern has been associated with a decrease in (or absence 

of) TVGRF as noted in current and previous studies [70,71]. This similar plantar flexion 

level to BF will allow FFS to gain some of the benefits of BF running while still having 

some foot protection. Similar to the effectiveness of BF running [71], it appears that at 
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least with this aspect of running kinematics, the effectiveness of the minimalist shoe is 

based on the individuals’ strike pattern. It should also be noted that the effectiveness of a 

minimalist shoe mimicking BF running depends on the shoe’s construction and the shoe’s 

properties [69].  

 

Ankle Eversion 

 

 Minimalist shoes showed a decrease in ankle eversion compared to the BF 

condition and the neutral shoe though not always statistically significant. In some cases 

this decrease in ankle eversion was greater than that of the stability shoes.  Previous 

studies have also noted no significant changes in ankle eversion in minimalist shoes 

compared to neutral [78,102]. Sinclair et al. also utilized Nike Free minimalist shoes and 

the Saucony Pro Grid Guide 2 as their neutral shoe [78]. Sinclair et al. also saw no 

difference between the rearfoot eversion patterns between the minimalist and neutral 

shoes [78]. Hoffman et al. measured the navicular drop of minimalist (Nike Free) and 

stability (Nike Structures) of subjects while running [102]. Hoffman et al. saw no change 

in the peak navicular drop but saw a decrease in the rate of navicular drop in the stability 

shoes compared to the minimalist shoes [102]. This is in contrast to findings by 

TenBroek et al. who saw an increase in ankle eversion in thin soled shoes compared to 

thick soled shoes when only the midsole thickness of the shoe was changed [86]. 

 The slight changes in eversion could be due to the shoes’ midsole construction. 

Previous studies by De Wit et al. found that shoes with a harder midsole experienced the 

greatest eversion velocity but that softer shoes experienced the greatest peak eversion 

[94]. It is possible that the reduced thickness of the midsoles in the minimalist shoes 

resulted in a greater midsole hardness and therefore decreased the eversion compared to 
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neutral shoes. Further investigation and material testing of the minimalist, neutral, and 

stability shoe from this study are warranted to determine the cause of these changes (or 

lack thereof) in ankle eversion (see Chapter Five). 

 

Ankle Internal Rotation 

 

 The minimalist shoes caused the greatest reduction in ankle internal rotation for 

almost all sub-groups (the exception being the FFS). This was noted in a previous study 

[78] . Sinclair et al. saw an increase in external rotation (decrease in internal rotation) in 

the minimalist shoes (Nike Free) compared to neutral shoes (Saucony Pro Grid Guide 2) 

and the BF condition [78]. This is in contrast to the findings of Tenbroek et al. who found 

that thin and medium soled shoes resulted in increased internal tibial rotation [86]. Recall 

that eversion and rotation are often coupled thus creating pronation [86]. It is possible 

that the decreased thickness in the minimalist shoe created a harder surface and thus 

reduce the maximum eversion seen in hard shoes compared to their soft counterparts as 

found by De Wit et al. [94].  

 It is interesting to note that the FFS responded significantly differently than RFS 

in the minimalist shoes for this variable. Several subjects noted decreased traction in the 

minimalist shoe compared to the others. It is possible that the decreased traction on the 

bottom of the minimalist shoes had something to do with the difference responses 

between RFS and FFS. FFS have increased rearfoot eversion [67] and tibial torsion [24] 

compared to RFS. Therefore, it is possible that the FFS slipped more in the minimalist 

shoe upon landing and this caused in increased internal rotation in the minimalist shoe 

compared to neutral. It is possible that a minimalist shoe with increased traction would 

not cause this increase in internal rotation which is a risk factor for TSF. Future studies 
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with various types of minimalist shoes (similar to that of Squadrone et al. [69]) among 

FFS is warranted.   

 The reduction in internal rotation should also be analyzed along with the muscular 

activation patterns and timing in the following sections. The minimalist shoes were often 

accompanied by a reduction in muscular activation ratios compared to the other shod 

conditions though not statistically significant. The timing of the muscle contractions as 

well as the reduced activation could work together to reduce the overall ankle internal 

rotation. While timing of muscle activation was not analyzed in the current study, future 

works should analyze this variable (see Chapter Five). 

 

Muscle Activation  

 

 There were few changes in muscle activation levels between the minimalist and 

neutral shoes. Pronators however saw a 24% decrease in GL activation in the minimalist 

condition compared to neutral. The varying levels of intensity changes across different 

groups suggest that there are few differences in muscle activation levels in minimalist 

shoes compared to neutral. This is not unexpected since there were few changes in the 

ankle plantar flexion compared to neutral.  

 However muscle activation is expected to change as runners fatigue. Minimalist 

shoes seemed to eliminate the TVGRF in some subjects during the initial running session 

(two-minute warm up and data collection). Therefore the energy must have been 

dissipated thru some other means. It is likely that muscle activation would vary in the 

minimalist shoes as runners fatigued. A decrease in muscular activation as a runner 

fatigues can increase pronation [139], decreases shock attenuation [139], and increase 

tibial acceleration [146]. Runners should also be evaluated in the minimalist shoes in a 
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fatigued state to determine their muscular activation levels and timing during a normal 

run rather than just a lab setting (see Chapter Five).  

 

Transient Vertical Ground Reaction Force 

 

 In the current study some subjects were able to eliminate their TVGRF in the 

minimalist shoe (n = 3). This was likely due to the trend towards an increase in plantar 

flexion when in the minimalist shoe along with some slight cushioning in the specific 

minimalist shoe for this study. Recall that several studies have noted that the ability of a 

minimalist shoe to mimic BF running is often dependent on the shoes construction 

[69,79]. This is also dependent on the runner’s natural strike pattern [71,79]. However, 

these results should be viewed within the limitations of this study (Chapter Five). Further 

testing is required when subjects are fatigued and on a longer runway to ensure the 

subjects are at their optimal running speed.  

 

Vertical Instantaneous Loading Rate 

 

 Minimalist shoes showed no change in VILR compared to neutral shoes. However 

the VILR was less than the BF condition. Previous studies have also shown conflicting 

results on the effect of minimalist shoes on VILR [78,87]. Sinclair et al. evaluated the 

effects of minimalist (Nike Free 3.0) shoes on the VILR compared to neutral (Saucony 

Pro Grid Guide 2) and BF running [78]. Sinclair et al. found that there was a significant 

increase in the VILR in the BF condition compared to the minimalist and neutral shoes as 

well as a significant increase in VILR in the minimalist shoe compared to the neutral 

shoe [78]. Willy and Davis  also compared the same neutral and minimalist shoes and 

their effect on VILR (Nike Pegasus and Nike Free, respectively) [87]. Willy and Davis 
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found a significant increase in VALR in the minimalist condition compared to the neutral 

shoe [87].  

 The conflicting results of previous studies as well as the current study once again 

show that the ability to mimic BF running in a minimalist shoe is dependent on the shoe’s 

construction [69] and the runner’s natural tendencies [71]. The ability to dampen the 

loading rate is also dependent on the runner’s footstrike and muscle activation patterns as 

well as fatigue level [30].  

 

Maximalist Shoes 

 

 

Ankle Plantar/Dorsiflexion 

 

 Maximalist shoes did not cause a significant change in ankle plantar flexion for 

the majority of subjects. However, RFS and FFS responded differently to the maximalist 

shoe (p = 0.12). FFS trended towards a decrease in ankle plantar flexion in the 

maximalist shoe compared to neutral while RFS trended towards an increase in ankle 

plantar flexion in the maximalist shoe. While the results of the current study were not 

statistically significant, a continued trend towards decreased plantar flexion among FFS 

could lead to a change in running style (i.e. changing to RFS) which is a risk factor for 

TSF [43,44,47,58].  

 Previous studies have also found no change in ankle plantar flexion between 

maximalist shoes and neutral shoes.  This is supported by findings by Sinclair et al. [93] 

and Cheung et al. [106] who found no difference in ankle plantar flexion between neutral 

and maximalist shoes.   
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It is interesting to note that the maximalist shoe (Hoka Bondi 5) actually had the 

smallest shoe offset (height difference between the rear and forefoot cushioning). Despite 

the small offset (4 mm) [124] , subjects exhibited less plantar flexion than in the 

minimalist shoes with an offset of 6.5 mm [120]. It is possible that the heel-toe offset had 

little effect on the plantar/dorsiflexion of the subjects. Further investigation is warranted 

investigation shoes of the same construction with different drops (similar to that done by 

TenBroek et al. [86] whose thin shoe had a 0mm drop). This is especially important when 

evaluating maximalist shoes such as the Hoka. It is therefore possible that the smaller 

drop on the maximalist shoes was more important than the shoe height in determining 

ankle plantar flexion at footstrike.  

 

Ankle Eversion 

 

 Maximalist shoes had little effect on the ankle eversion compared to the neutral 

shoe. The lack of change between the neutral and maximalist shoe that have been noted 

in previous studies [94,95] are likely due to specific design features in the maximalist 

shoe selected. The selected maximalist shoe was listed by the manufacturer (Hoka One 

One) as a neutral shoe without stability features [123]. However, the maximalist shoe 

manufacturer also claim that there is “inherit stability” in the shoe design due to its 

“active foot frame” [123]. The manufacturers claim that the midsole frame of their shoe 

allows the foot to sit “deep in the midsole rather than on top of it…inherent stability for 

all types of runners” [123].   

Greater differences were seen between the maximalist and minimalist shoe 

however. Previous findings have conflicting results [86,93–95]. De Wit et al. [94] and 

Hamill et al. [95] noted that the softer shoes resulted in increased peak eversion 
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compared to stiffer/harder shoes. TenBroek et al. found that the thin and medium shoes 

caused increased ankle eversion as well as increased internal rotation of the tibia [86]. 

However Sinclair et al. found no difference in peak ankle eversion between the 

maximalist and neutral shoes [93]. As mentioned in the minimalist shoe discussion 

section above, it is possible that the decreased sole thickness of the minimalist shoe 

created a stiffer/harder sole and thus reduce the ankle eversion compared to the 

maximalist and neutral shoes. 

 

Ankle Internal Rotation 

 

 The maximalist shoes had little effect on ankle internal rotation as well. Since 

pronation is a combination of internal rotation and eversion, maximalist shoes may not be 

the best to prescribe to pronators. Previous studies by De Wit et al. [94] and Hamill et al. 

[95] have noted that softer shoes increase the ankle eversion and pronation in comparison 

to harder shoes. However this is in contrast to findings by Sinclair et al. who found no 

change in ankle rotation between maximalist, minimalist, and neutral shoes [93]. Once 

again it is likely that the specific design of the maximalist shoe in this study reduced the 

ankle rotation seen in other cushioned shoes.  

 

Muscle Activation  

 

 FFS subjects showed a 29% decrease in GL activation in the maximalist shoes 

compared to neutral. This corresponded to a trend towards a decrease in ankle plantar 

flexion in the maximalist shoe compared to neutral. While not statistically significant 

these findings could be of importance when runners become fatigued. Increased fatigue 
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during may decrease the ankle plantar flexion and cause a normal FFS to adopt a more 

RFS pattern [30].  

 The maximalist shoe manufacturer claims that the “meta-rocker” technology with 

a low heel-toe drop allows a natural footstrike while still propelling the runner forward 

[123]. It is possible that this rocking shoe base reduced need for increased muscular 

activation, transforming the impact load to rotational energy and propelling the runner 

forward.  

 

Vertical Ground Reaction Force 

 

 Only three subjects saw an elimination of the TVGRF in the cushioned shoes, all 

three of which were low mileage subjects and two of which were RFS. This was in 

contrast to by a study by Sinclair et al. who found a slight (though not statistically 

significant) increase in VILR and tibial acceleration in the maximalist shoes compared to 

neutral [93]. Furthermore a study by Cheung et al. found that there was no change in 

VILR, VALR, and footstrike angle between neutral and maximalist shoes [106]. With the 

results of various studies providing conflicting results on the effect of maximalist shoes 

on kinetics further investigation is warranted.  

 It is possible that the maximalist shoes may help some RFS low mileage subjects 

reduce their TVGRF. Studies should be performed on maximalist shoes when runners are 

fatigued to see where (and if) the maximalist shoe helps moderate TVGRF and VILR. 

 

Vertical Instantaneous Loading Rate 

 

 Maximalist shoes did not decrease the VILR compared to neutral shoes. This was 

also found by Cheung et al. [106].The similar muscle activation patterns and ankle 
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dorsiflexion at footstrike between maximalist and neutral shoes also caused similar 

reactions in kinetic variables. However further investigation into types of maximalist 

shoes when runners are in a fatigued state is warranted (see Chapter Five). While there 

are no immediate effects on kinetic variables, this may be more beneficial when runners 

are fatigued. Mizrahi et al. found that runners experienced an increase in shank 

acceleration in the fatigued state  [146] and such cushioning may be beneficial during 

fatigued runners. Maximalist shoes may be beneficial during extreme endurance races 

(ultra-marathons) or when runners are recovering from an injury to reduce impact 

loading.  

 

Stability Shoes 

 

 

Ankle Plantar/Dorsiflexion 

 

 RFS and FFS both showed no change in ankle plantar flexion compared to 

neutral. However, RFS and FFS responded differently (p < .01); among RFS there was a 

trend towards increased plantar flexion in the stability shoe while FFS showed a trend 

towards decreased plantar flexion in stability shoes. While the results of this study were 

not statistically significant, a continued trend towards decreased plantar flexion among 

FFS could lead to a change in running style (i.e. changing to RFS) which is a risk factor 

for TSF [43,44,47,58].  

 

Ankle Eversion 

 

 The stability shoe trended toward a decrease in ankle eversion compared to the 

neutral shoe though this was not statistically significant. Stability/motion control shoes 

have been shown to reduce rearfoot motion in multiple cases [89,137]. A study by Lilley 
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et al. used two Adidas shoes: Adidas Supernova Glide (neutral) and the Adidas 

Supernova Sequence (motion control) [137]. Their study showed that the motion control 

shoe reduced the peak rearfoot eversion compared to the neutral shoe [137]. Butler et al. 

utilized two New Balance shoes: New Balance 1122 (stability) and New Balance 1022 

(cushioning) [89]. The authors concluded that the peak rearfoot eversion was reduced 

with the stability shoe and that shoe recommendations should first be based on running 

mechanics then arch type if a “mechanical analysis is not available” [89]. Furthermore, 

Hoffman et al. found that there was a slower rate of navicular drop in Nike Structures 

compared to Nike Free and BF conditions [102].  

 Interestingly, RFS showed a greater decrease in ankle eversion in the stability 

shoe compared to FFS (p = .18). This was also found in the minimalist shoe (p = .17). 

This suggest that RFS are more responsive to midsole hardness and stability features 

compared to FFS.  While the majority of runner are RFS [67,68], the question remains 

whether or not stability shoes benefit FFS or if these runners even need to reduce 

pronation. Further studies should be conducted specifically with FFS with TSF and if 

there any shoes that can reduce the ankle eversion of FFS. Hasegawa et al. noted that the 

majority of running shoes have been developed for RFS and shoes specifically for 

MID/FFS should be developed as well since their running needs are different [66]. Since 

the results of the current study suggest that FFS are not as responsive to stability shoes, it 

is recommended that FFS undergo ankle inversion/eversion exercises to minimize the 

muscle imbalance that could lead to TSF [138]. 

 It should be noted that among the pronator sub-group the stability shoes reduced 

the ankle eversion by several degrees although not statistically significant. However, this 
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could be enough to reduce their risk of TSF if they are slight pronators. Further 

investigation into various types of stability/motion control shoes should be performed to 

gather further information. In addition more test subjects should be gathered for this 

study since there was a small sample of pronators (n=4; FFS=1; RFS = 3).  

 

Ankle Internal Rotation 

 

 The stability shoes also showed no significant changes in ankle internal rotation 

However, it is likely that the combination of the decrease in ankle internal rotation and 

ankle eversion in the stability shoes could reduce the pronation in slight pronating 

subjects. Ankle eversion and internal rotation have been linked and a decrease in one 

could be tied to a decrease in the other as well [86]. Previous studies by Hoffman et al. 

found a decreased rate of navicular drop in stability shoes (Nike Structures) compared to 

minimalist shoes and BF running [102]. Butler et al. found a decrease in rearfoot eversion 

in stability shoes compared to cushioned shoes [89]. Though not measured in the Butler 

et al. study this could have also been coupled with a decrease in ankle internal rotation. 

The effect on ankle eversion and pronation is even more important when runners are 

fatigued. Previous studies have shown that there is an increase in ankle internal rotation 

when runner are fatigued [30,139]. Further investigation is warranted into various types 

of stability shoes and their effectiveness after a runner has been fatigued (see Chapter 

Five).  

 

Muscle Activation  

 

 There were few changes in muscle activation patterns in the stability shoes 

compared to neutral. The changes that did occur varied widely between sub-groups. 
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These results suggest that there is little difference between the neutral and stability shoes 

on the muscular level. This requires no gait retraining or modification when switching 

from a neutral to stability shoe. However further investigation is needed on the muscle 

activation patterns when runners are fatigued to see how they behave in various 

conditions. The effect of the shoe in a runner’s normal exertion state is necessary to fully 

capture the data. 

 

Transient Vertical Ground Reaction Force 

 

 Only 12% of subjects eliminated the TVGRF in the stability shoes. The results of 

the current study suggest that while the stability shoes may be effective at reducing 

pronation slightly, they are not as effective at moderating TVGRF. This is supported by 

the study by Butler et al. who found that cushioned shoes are better at shock attenuation 

than motion control shoes [89].  

 

Vertical Instantaneous Loading Rate 

 

 Stability shoes showed no statistically significant differences in VILR compared 

to the neutral shoe. Slight differences were seen based on RFS/FFS and high/low mileage 

sub-groups (p = .15 and p = .28 respectively). Lilley et al. found no change in VILR in 

motion control shoes compared to neutral [137].   
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