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Abstract  

Transitioning to minimal running footwear; Implications for performance and 

running related injury when compared to conventional running shoes. AIM: To 

investigate any changes in running economy or factors related to injury before and 

after a minimalist footwear (MFW) transition with gait-retraining when compared with 

conventional running shoes (CRS). INTRODUCTION: Recent interest in barefoot 

running has resulted in the development of a new footwear type which incorporates 

minimal cushioning and structural properties, in contrast with CRS. These MFW have 

been suggested to influence running kinetics and kinematics and may have a positive 

impact on performance and injury risk. However there is currently a dearth of scientific 

evidence available to support this theory. Of the limited research available the vast 

majority has only used acute comparisons between CRS and MFW, and has not 

ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ ŜŦŦŜŎǘ ƻŦ άǘǊŀƴǎƛǘƛƻƴƛƴƎέ ƛƴǘƻ aC² over a period of time, with or 

ǿƛǘƘƻǳǘ άōŀǊŜŦƻƻǘέ Ǝŀƛǘ-retraining. METHODS: In all studies, effects for time (pre to 

post intervention), and condition (MFW vs. CRS) were evaluated, where participants 

were required to familiarise with MFW during the intervention. Study one examined 

changes in running economy (RE) with no feedback or gait-retraining, in contrast study 

two examined RE with deliberate gait-retraining included to the MFW transition. Study 

three investigated changes to plantar pressures and forces. Finally, study four 

evaluated kinetics and kinematics associated with injury. RESULTS: Following a MFW 

intervention, RE was found to improve 8.09% in MFW but not in CRS. However, when 

gait-retraining was included, no significant change in RE was observed over time. RE 

was significantly better in MFW compared to CRS irrespective of time (approx. 2.9% 

better in MFW). A MFW transition with gait-retraining was found to reduce plantar 

forces by 17.6%, loading rate by 33%, and the impact peak by 9%, which was not 

observed to the same degree in CRS. However, significantly higher plantar pressures 

and loading rates were observed in MFW when directly compared to CRS throughout 

testing. CONCLUSION: A MFW transition was found to significantly improve RE when 

gait-retraining was not included. However, gait-retraining may have a negative 

influence on RE. MFW and gait-retraining reduced impact variables over time. In 

addition, there was a reduction in plantar pressures under the heel, and no significant 

increase in pressures in the forefoot as a result of the intervention. With respect to 

condition, RE was better in MFW, but higher plantar pressures and loading rates were 

noted in MFW vs. CRS that may increase injury risk during this transition period.  
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Glossary of Terms 

 

Minimalist F ootwear  ς {ƘƻŜǎ ǘƘŀǘ ŀŘǾŜǊǘƛǎŜ άƳƛƴƛƳŀƭέ ŎƻƴǾŜƴǘƛƻƴŀƭ ŦŜŀǘǳǊŜǎΣ ƛƴŎƭǳŘƛƴƎ 

lighter mass, greater sole flexibility, lower profile and a lower heel-toe drop. 

Conventional Running Shoes ς Footwear designed for running that include cushioning, 

heel elevation and pronation control technology. 

Barefoot Running ς Running with nothing whatsoever on the foot. 

Storage and Recovery of Elastic Energy  ς A phenomenon occuring during the stretch-

shortening cycle in running. Elastic structures store energy during the eccentric phase 

of movement and this energy is subsequently released during the concentric phase, 

contributing to the muscle shortening action. 

Vertical  Stiffness  ς The resistance of the CoM to changes in height when an exernal 

vertical force is being applied. 

Joint Stiffness  ς The resisitance of the joint to changes angular displacement when an 

external force is applied. 

Foot Strike Patt ern  ς The point of initial contact of the foot with the ground. A forefoot 

strike pattern occurs when the ball of the foot contacts before the heel and vice versa 

for a rearfoot strike pattern. A midfoot strike pattern occurs when both the ball of the 

foot and the heel contact simultaneusly. 
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List of Abbreviations  

 

CoM ς   Centre of mass 
vGRF ς  The vertical component of the ground reaction force 
CRS ς   Conventional running shoes 
MFW ς  Minimal footwear 
PCECH ς  Pronation control, elevated cushioned heel running shoes 
Fz1 ς   The impact peak of the vertical ground reaction force 
Fz2 -   The active peak of the vertical ground reaction force 
VFF -   ±ƛōǊŀƳ άCƛǾŜ CƛƴƎŜǊǎέϯ 
RE -   Running economy (±ɧ02sub-max) 
SSC -   Stretch shortening cycle 
FSP -   Foot striking pattern 
RFS -   Rear-foot strike 
MFS -   Mid-foot strike 
FFS -   Fore-foot strike 
SF -   Stride frequency 
SBR -   Simulated barefoot running 
BF -   Barefoot 
BR ς   Barefoot running 

revSF -   Reversed stride frequency from the opposite footwear condition 
RPE -   Rated perceived exertion 
±ɧ02max -  Maximal oxygen consumption during exercise 
MS -   Mid-stance 
IC -   Initial contact 
GRT -   Gait-retraining 
COMBINED -  Minimal footwear and gait-retraining intervention combined 
Kvert ς   Vertical stiffness 
Kleg ς   Leg stiffness 
KAnkle ς   Ankle stiffness 
KKnee ς   Knee stiffness 

MF  -   Mean maximal force 

MP  -   Mean maximal pressure 

ɗICAnkle/Knee -  Angle at initial contact for the ankle/knee 
ɗMSAnkle/Knee ς Angle at mid-stance for the ankle/knee  
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Thesis Overview and Guidelines  

 

 

This thesis has been formatted using the PhD by publication guidelines. Therefore each 

study has been presented within its own section in the format of a journal paper. 

Where additional data has been collected for each individual study but not reported in 

the paper, an Additional Data section has been attached to each study with the 

relevant information. These results are then discussed in the Global Discussion 

(Chapter Eight) in which the study findings have been tied together with respect to the 

aims and objectives of this research project (Chapter One). Because of this publication 

format, the review of literature (Chapter Two) has been restricted to a brief summary 

of the relevant areas.  Chapter Three outlines the proposal of a familiarisation 

programme that has been designed during this research, in addition to the individual 

aims and objectives of each study following a review of the literature. Finally, chapters 

Four, Five, Six and Seven are the individual studies in a publication format with the 

relevant journal information attached. The overall conclusion to the research can be 

observed in Chapter Nine, as well as future recommendations. 
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1. Introduction  

1.1 Background and Justification 

The popularity of distance running as a sport and recreational activity is increasing 

worldwide. Recent data from the USA suggests that those regularly participating in 

running as a physical activity has increased by 10% since 2010 and now is in excess of 

35million (Rothschild, 2012a). For competitive distance runners from club level to 

international athletes, the primary considerations of training are usually associated 

with improving performance and cardio-respiratory health. However, it has also been 

noted that running injury represents a major problem in these groups (Van Gent et al, 

2007) and this has a major influence on training design. 

Many of these athletes participate in endurance running. Endurance running has been 

classified as persisting at a sub-maximal intensity for prolonged periods of time over at 

least 5km but anywhere up to 200km (Noakes, 1988). Performance in endurance 

running can be quantified in a laboratory setting using physiological profiling, such as 

±ɧ02max testing, lactate profiling, fractional utilisation of ±ɧ02max, and running economy 

(Lucia et al, 2008). Of these, ±ɧ02max, fractional utilisation of ±ɧ02max, and running 

economy (RE) have been considered the largest predictors of endurance running 

performance (Daniels and Daniels, 1992; Astorino, 2008; Bassett and Howley, 2000). 

Likewise, the successful prevention of injury will ultimately decrease missed training 

time and has a direct effect on performance thus making it an important consideration 

in any training routine. Athletes adopt multiple strategies in order to run injury free, 

such as compression clothing, ice baths, footwear, periodised strength and 

conditioning programmes etc., but despite the numerous technological advances and 

investment in research, running related injury remains a significant problem (19.4 to 

79.3% of runners are injured every year; Van Gent et al, 2007).  

Over recent years, the most abundant product marketed and sold to both prevent 

injury and improve performance is the conventional running shoe (CRS). Perhaps the 

Ƴƻǎǘ ŎƻƳƳƻƴ άǎŜƭƭƛƴƎ Ǉƻƛƴǘέ ƻŦ /w{ ƛǎ ǘƘŜ ŎǳǎƘƛƻƴƛƴƎ ǇǊƻǇŜǊǘƛŜǎΣ ǎƛƴŎŜ ǘƘŜ Ŧƻƻǘ ŎƻƳŜǎ 

into contact with the floor over 600 times per km and this generates a noticeable 

impact (Lieberman et al, 2010). These repeated impacts are believed to be involved in 

running related injury (Hall et al, 2013; Milner, Hamill and Davis, 2006; Pohl, Hamill and 
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Davis, 2009; Cheung and Davis, 2011; Davis, Milner and Hamill, 2004). Several authors 

have suggested that increasing the cushioning of running shoes and surfaces would 

reduce these impact forces (Cavanagh and Lafortune, 1980; Theisen et al, 2013). 

However, the ability of cushioned running shoes to reduce impact forces on runners 

has been found to be inconclusive, with no difference or even higher impact peaks 

being observed in CRS compared to barefoot or harder midsole footwear (Nigg, 2010; 

Schwellnus, Jordaan and Noakes, 1990; Squadrone and Gallozzi, 2009; Lohman et al, 

2011; Aguinaldo and Mahar, 2003; Shorten, 2002). This may be largely dependent on 

the foot strike pattern adopted by runners (Lieberman et al, 2010), and it has been 

suggested that runners have a tendency to rearfoot strike in CRS due to reduced 

proprioceptive feedback from the foot that induces impact attenuation behaviours 

compared to barefoot running (Lieberman et al, 2010; Robbins and Hanna, 1987; 

Robbins, Hanna and Jones, 1988; De Wit, De Clerq and Aerts, 2000). This rearfoot 

strike pattern may be a cause of higher impact forces in runners (Lieberman et al, 

2010).  

In addition, the role of CRS in improving performance is not supported by a review of 

the literature (Richards, Magin and Callister, 2009). Previous to the running boom of 

ǘƘŜ мфтлΩǎΣ ǎǇƻǊǘǎ ǎƘƻŜǎ ǿŜǊŜ Ƴŀƛƴƭȅ ŎƻƴǎǘǊǳŎǘŜŘ ƻŦ ŦƭŜȄƛōƭŜ ǳǇǇŜǊǎ ŀǘǘŀŎƘŜŘ ǘƻ ŀ ǘƘƛƴ 

rubber outsole, but have gained mass and structure over the years (Altman and Davis, 

2012a). As early as 1979 researchers suggested that shoe mass had a detrimental 

effect on running economy and ultimately performance (Caitlin and Dressendorfer, 

1979). Running economy, defined as the oxygen cost of running at a fixed steady state 

exercise intensity, has been considered a strong predictor of endurance performance 

in a homogenous group of runners (Lucia et al, 2008), and presents a feasible measure 

for determining differences in the metabolic cost of transport with running footwear. 

There are potential elastic elements of the foot and ankle that may not be fully utilised 

during CRS running with a rearfoot strike pattern (Perl, Daoud and Lieberman, 2012), 

but in contrast there may be a metabolic cost to cushion the body when shoe 

cushioning is absent (Franz, Wierzbinski and Kram, 2012).  

Thus, in addition to the high incidence of reported injury in runners (Van Gent et al, 

2007), there is a distinct lack of evidence that CRS footwear can reduce the risk of 

injury or improve performance (Richards, Magin and Callister, 2009). Furthermore the 
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publication of ǘƘŜ  ƛƴǘŜǊƴŀǘƛƻƴŀƭƭȅ ŀŎŎƭŀƛƳŜŘ  ōŜǎǘǎŜƭƭƛƴƎ ōƻƻƪ άBorn to Runέ ōȅ 

Christopher McDougall in 2009 increased public awareness of the issue and created  a 

worldwide interest in barefoot running which has grown exponentially  over the last 4-

р ȅŜŀǊǎΦ ¢Ƙƛǎ άōŀǊŜŦƻƻǘ ǊǳƴƴƛƴƎ ǘƘŜƻǊȅέ ōŜŎŀƳŜ ǿƛŘŜǎǇǊŜŀŘΣ ŎŜƴǘǊŜŘ ŀǊƻǳƴŘ ǘƘǊŜŜ 

proposed benefits of barefoot running (Gallant and Pierrynowski, 2014); 1) a decrease 

in foot atrophy and increased foot function (e.g. Robbins and Hanna, 1987), 2) 

increased proprioceptive feedback (e.g. Robbins et al, 1997), and 3) a running gait that 

ƛǎ ƳƻǊŜ άƴŀǘǳǊŀƭέ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŀǘ ƛƴ /w{ (e.g. Lieberman et al, 2010). Whilst many of 

ǘƘŜǎŜ ŎƭŀƛƳǎ ŀǊŜ ŀƴŜŎŘƻǘŀƭΣ άthe correct null hypothesis is that running barefoot is less 

injurious than running in a shoe unless proven otherwiseέ ό[ƛŜōŜǊƳŀƴΣ нлмнΣ ǇǇсрύΦ !ǎ 

a result, a study by Rothschild (2012a) identified that among 785 runners using an 

online questionnaire, 76% had an interest in barefoot running, and 22% have already 

implemented some kind of barefoot activity into their training. In response to this 

ƛƴŎǊŜŀǎŜ ƛƴ ƛƴǘŜǊŜǎǘ ǿƻǊƭŘǿƛŘŜΣ ŦƻƻǘǿŜŀǊ ƳŀƴǳŦŀŎǘǳǊŜǊǎ ōŜƎŀƴ ǇǊƻŘǳŎƛƴƎ άƳƛƴƛƳŀƭέ 

footwear (MFW) that claimed to have all the benefits of running barefoot whilst 

providing some degree of protection for the foot on modern surfaces (Jenkins and 

Cauthon, 2011; Lohman et al, 2011). MFW are shoes with a smaller mass, greater sole 

flexibility, lower profile, and lower heel-to-toe drop than CRS (Lussiana et al, 2013). 

aC² ƘŀǾŜ ōŜŜƴ ŘŜǎŎǊƛōŜŘ ŀǎ ŀ άōŀǊŜŦƻƻǘέ ŀƭǘŜǊƴŀǘƛǾŜΣ ƘƻǿŜǾŜǊ ǘƘŜȅ ŀǊŜ ƴƻǘ ǘƘŜ ǎŀƳŜ 

as barefoot (Squadrone and Gallozzi, 2009; Willy and Davis, 2014; Bonacci et al, 2013), 

and so require consideration as a different shoe modality than barefoot or CRS (Sinclair 

et al, 2013; Bonacci et al, 2013).  

²ƛǘƘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǊǳƴƴŜǊΩǎ ƛƴǘŜǊŜǎǘ ƛƴ aC² ǊǳƴƴƛƴƎ ƛƴ Ƙŀōƛǘǳŀƭƭȅ ǎƘƻŘ ǇƻǇǳƭŀǘƛƻƴǎΣ 

runners are now attempting to switch ǘƻ ŀ άƳƻǊŜ ƴŀǘǳǊŀƭέ ǊǳƴƴƛƴƎ ŎƻƴŘƛǘƛƻƴΣ ŀƴŘ 

therefore have to undergo a period of familiarisation to this footwear type that lacks 

conventional protection. Runners attempting to transition to MFW must either adapt 

their running kinematics to suit a novel footwear condition and/or adapt the 

musculoskeletal system in order to accommodate different forces acting on the body 

due to changes in leg geometry/loading and footwear protection. How well runners in 

the developed world can transition to MFW remains to be determined, and is leading 

ƛƴǘƻ ŀƴ ŀǊŜŀ ǘƘŀǘ ƭŀŎƪǎ ŜǾƛŘŜƴŎŜ ōŀǎŜŘ ǊŜǎŜŀǊŎƘΦ ¢Ƙƛǎ άǘǊŀƴǎƛǘƛƻƴέ ǇƘŀǎŜ ǘƻ ƳƻǊŜ 

minimal running footwear may pose a greater risk of injury for runners (Cauthon, 
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Langer and Coniglione, 2013; Ryan et al, 2013). Already there is evidence of an 

increased rate of metatarsal stress fractures in the MFW condition during this 

transition period (Giuliani et al, 2011; Cauthon, Langer and Coniglione, 2013; Ridge et 

al, 2013), due to higher localised plantar pressures in MFW compared to CRS (Qiu and 

Gu, 2011; Squadrone and Gallozzi, 2009).  Also, a high injury rate in minimalist shoes 

during a 12 week transition has been observed (Ryan et al, 2013), due to potentially 

higher rates of impact (Willy and Davis, 2014), increased peak plantar pressures 

(Squadrone and Gallozzi, 2009), and triceps surae soreness (Willson et al, 2014) in the 

MFW runner.  

Advocates of MFW (or barefoot) running have suggested that the running gait is more 

important than what is worn on the feet (Lieberman, 2012), however many runners do 

not seemingly ŀŘƻǇǘ ŀ άōŀǊŜŦƻƻǘ ǎǘȅƭŜέ Ǝŀƛǘ ǿƘŜƴ ǊǳƴƴƛƴƎ ƛƴ aC²Φ ¢Ƙƛǎ άōŀǊŜŦƻƻǘέ 

running style (such as a prevalence of non-rearfoot striking and shorter strides) has 

been modelled using habitually barefoot Kenyans (Lieberman et al, 2010). This has led 

to the ǊŜǎǳǊƎŜƴŎŜ ƻŦ άƴŀǘǳǊŀƭέ Ǝŀƛǘ-retraining elements being suggested to reduce the 

risk of running related injury and potentially improve RE (Crowell and Davis 2011; Goss 

and Gross, 2013; Gouttebarge and Boschman, 2013; Perl, Daoud and Lieberman, 

2012). These ideas come from preliminary research suggesting changes in posture 

(Lieberman et al, 2010), foot strike pattern (e.g. Lieberman et al, 2010; Daoud et al, 

2012) or stride frequency (e.g. Hobara et al, 2012) are the most important gait 

elements to successful running. Gait-retraining for runners may be important during 

this transition to MFW, because some runners have been found not to ŀŘƻǇǘ άōŀǊŜŦƻƻǘ 

ǎǘȅƭŜέ ƪƛƴŜƳŀǘƛŎǎ ƛƴ aC² όBonacci et al, 2013) and may be at increased risk of loading 

injuries (Willy and Davis, 2014). These runners may benefit from added instruction 

during this transition, however despite runners now adopting MFW running in 

combination with gait-retraining in the general public, no academic research has 

investigated both of these elements together with regard to performance or running 

related injury.  

In addition, very little research has examined the differences between running in CRS 

and MFW, both before and after a familiarisation period to MFW, in order to 

determine which footwear may be more beneficial to reduce running related injury or 

improve performance. Whilst studies have examined this difference during acute 
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measures, the understanding of differences between footwear types (MFW and CRS) 

when participants are familiar with both footwear types and not just one is important 

for future footwear prescription. 

There is clearly a need to better our understanding of this familiarisation to a novel 

footwear type, and a significant number of researchers are now calling for habituation 

studies (e.g. Sinclair et al, 2013; Hall et al, 2013; Rothschild, 2012b; Jenkins and 

Cauthon 2011; Lieberman, 2012). There are three important questions for this 

transition that demand attention in the literature; 1) is there any change in 

performance or factors related to injury as the result of this transition to MFW (with or 

without additional gait-retraining)?, 2) what are the differences in performance or 

factors related to injury between running in MFW and CRS? Both at the acute stage 

but also following a familiarisation to MFW, and 3) what is the best approach to a 

transition to MFW to reduce the risk of injury? 

 

1.2 Aim and Objectives 

 

Study Aim: 

To investigate any change in running economy or factors related to injury before and 

after a MFW transition with gait-retraining, when comparing both CRS and MFW. 

Objectives: 

1. To investigate the influence of a MFW transition and gait-retraining on; 

¶ Running economy 

¶ Plantar pressures 

¶ Impact forces 

¶ Running Kinematics 

2. To determine differences in any of these variables between MFW and CRS, irrespective 

of this familiarisation period.  

3. To establish a safe and reasonable transition schedule in order to provide some 

guidelines for future prescription of MFW running.  
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2. Review of Literature 

The purpose of this literature review is to provide the background literature in the 

relevant areas to this study. This section has been divided into two main sections; the 

first half is concerned with running performance, with particular attention to how 

changes in footwear and the adoption of gait-retraining elements can influence 

running economy. The remaining half of the section will consider running related 

injury, with respect to the current rate of injuries experienced today, the kinetic and 

kinematic factors associated with injury, and how the use of footwear and gait-

retraining can influence these factors.  

2.1 Factors Related to Performance in Endurance  Running  

 

Endurance running, characterised by any event above 5,000m, has been strongly 

associated with aerobic metabolism (Noakes, 1988). In addition, when considering the 

ŜǾƻƭǳǘƛƻƴŀǊȅ ǘƘŜƻǊȅ ǘƘŀǘ ŜŀǊƭȅ ōƛǇŜŘŀƭ ŀŎǘƛǾƛǘȅ ǿŀǎ ŘƛŎǘŀǘŜŘ ōȅ ǘƘŜ ƴŜŜŘ ǘƻ άǇŜǊǎƛǎǘŜƴǘ 

Ƙǳƴǘέ ό[ƛŜōŜǊƳŀƴΣ нлмнύΣ ƛǘ Ƙŀǎ ōŜŜƴ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ǘƘƛǎ ŀŎǘƛǾƛǘȅ ǿŀǎ 

conducted at very low velocities (Hatala et al, 2013), and therefore this submaximal 

άŀŜǊƻōƛŎέ ƛƴǘŜƴǎƛǘȅ ǎƘƻǳƭŘ ōŜ ŜȄŀƳƛƴŜŘ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ŦƻƻǘǿŜŀǊ._ Aerobic factors 

related to performance have been related to 1) the maximal aerobic capacity of an 

individual (±ɧ02max), 2) how much of this maximal capacity can be utilised for a 

prolonged period of time (fractional utilisation of ±ɧ02max), 3) the lactate threshold, and 

4) the 02 cost of transporting the body at any given speed under steady state 

conditions (Running economy - RE) (Lucia et al, 2008; Midgley, McNaughton and Jones, 

2007). Of these, ±ɧ02max, fractional utilisation of ±ɧ02max, and RE have been considered 

the strongest predictors of endurance running performance (Daniels and Daniels, 

1992; Astorino, 2008; Bassett and Howley, 2000). Factors that can influence these 

performance measures include but are not limited to; muscle fibre type, mitochondrial 

density, red blood cell profile, stroke volume, aerobic enzyme activity, and buffering 

capacity (Astorino, 2008; Coyle, 1999), as well as central governor mediated fatigue 

(Noakes, Gibson and Lambert, 2005).  

During this review, many of these factors cannot be influenced by changes in footwear 

and will not be discussed further. In fact, of the determinants of endurance 
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performance listed above, only RE has been found to be sensitive to changes in 

footwear to this date (See section 2.3). Also, RE has been shown to be the most 

reliable indicator of endurance performance in a similarly trained group of runners 

(Lucia et al, 2006; Daniels, 1985; Di Prampero et al, 1993; Kyrolainen, Belli and Komi, 

2001). It has been suggested that RE may explain up to 65% of race performance over 

10km (±ɧ02max r=-0.12, RE r=0.8; Conley and Krahenbuhl, 1980) and was negatively 

correlated with 5km race performance in 10 athletes who improved run performance 

and RE following a 9 week explosive strength training programme (r=-0.54; 

Paavolainen et al, 1999a). RE has been associated with performance through 

comparison between trained and untrained athletes, where trained athletes have an 

improved RE and can thus operate at the same intensity using a lower fractional 

utilisation of ±ɧ02max (Astorino, 2008). Chronic changes to both ±ɧ02max and RE have been 

observed with endurance training, however elite male and female athletes were not 

found to improve ±ɧ02max over three years despite improvements in performance. This 

improvement in performance was primarily attributed to improvements in RE (Arrese 

et al, 2005). Finally, a better RE and fractional utilisation of ±ɧ02max was observed in 

African elite runners versus elite Caucasian runners, which was suggested to explain 

the African dominance of endurance running (Weston, Mbambo and Myburgh, 2000). 

These factors combined suggest a strong relationship between RE and performance. 

Running economy represents a feasible and stable measure for determining the 

metabolic cost associated with exercise, since 1) the steady state measurement does 

not take into account contribution from anaerobic metabolism that could influence the 

02 cost of the exercise, and 2) daily variation in RE has been found to be very stable in 

moderate and well-trained endurance athletes (less than 2 ml.kg.min-1 variation; 

Williams, Krahenbuhl and Morgan, 1991; Saunders et al, 2004a). There are several 

important factors that should be controlled when examining RE, these include but are 

not limited to; time of day, day of the week, fatigue, training status, treadmill 

accommodation, running surface, gender, age, temperature, nutritional status, and 

footwear (Saunders et al, 2004b; Williams, Krahenbuhl and Morgan, 1991; Morgan, 

Martin and Krahenbuhl, 1989).  

The magnitude of any change in RE has also been specifically related to performance, 

with a 5% improvement reported to relate to a 3.8% increase in run performance (Di 
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Prampero et al, 1993), however the smallest worthwhile change has been suggested to 

be 2.4% (Saunders et al, 2004a). Therefore, RE may be a suitable measure for 

determining if footwear can influence performance in endurance running if any change 

exceeds 2.4%Φ LƴŘŜŜŘ άƛŦ ƛǘ ƛǎ ŀǎǎǳƳŜŘ ǘƘŀǘ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ǊŀŎŜ ǇŀŎŜ ƛǎ ƻƴŜ ǘƘŀǘ 

maximally taxes his/her physiological capacities, then changes that allow a runner to 

use less energy at a given speed of running should prove advantageous , since they 

would allow a faster pace with the same relative effect on physiological capacitiesέ 

(Williams and Cavanagh, 1987, pp 1239). 

Factors associated with changes in RE that are related to the present work are 

restricted to footwear effects, in this case, it is important to remember that footwear 

influences several important parameters that may have a measureable influence on 

RE. In particular running biomechanics and neuromuscular factors such as leg stiffness, 

these will be discussed in the next section. 

 

2.2 Running Biomechanics and Running Economy 

 

wǳƴƴƛƴƎ ŘƛŦŦŜǊǎ ŦǊƻƳ ǿŀƭƪƛƴƎ ƛƴ ǘƘŀǘ ŀ ǇŜǊƛƻŘ ƻŦ άŘƻǳōƭŜ Ŧƭƻŀǘέ ƻŎŎǳǊǎ ƛƴ ǊǳƴƴƛƴƎ ǿƘŜǊŜ 

there is no point of contact with the ground ŀǎ ǘƘŜ ǊǳƴƴŜǊ άōƻǳƴŘǎέ ǘƘǊƻǳƎƘ ǘƘŜ ŀƛǊ 

(Figure 2.2a). The gait cycle begins and ends with the same foot contact with the floor. 

This initial contact has been the source of much scientific interest, since the foot-

ground collision has been suggested to play a role in running related injury (Lieberman 

et al, 2010). Following initial contact, the leg undergoes a period of absorption, in 

which the body centre of mass (CoM) is lowered and decelerated until the leg reaches 

maximal compression (mid-stance). The leg and hip musculature then undergo a 

propulsion phase in which the CoM is pushed upwards and forwards as the leg extends 

until the point that the toe leaves the ground (toe-off). During the following flight 

phase, the leg is brought under the hips and anteriorly to prepare once again for initial 

contact (Ounpuu, 1994). During this running action, the numerous muscle-tendon 

units of the leg are used to store elastic energy during the absorption phase, and recoil 

during the propulsion phase (Lohman et al, 2011; Alexander, 1991). This results in a 
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greater force being produced and reduced expected cost of transport when running 

ό{ŜŜ ά¢ƘŜ ǎǘǊŜǘŎƘ ǎƘƻǊǘŜƴƛƴƎ ŎȅŎƭŜ ŜȄǇƭŀƛƴŜŘέΣ Figure 2.2b).  

 

 

Figure 2.2a. The walking (top) and running (bottom) gait cycle. During walking, one 

Ŧƻƻǘ ƛǎ ŀƭǿŀȅǎ ƛƴ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ŦƭƻƻǊΤ ƛƴ ŎƻƴǘǊŀǎǘ ǊǳƴƴƛƴƎ ƛƴǾƻƭǾŜǎ ŀ ǇŜǊƛƻŘ ƻŦ άŘƻǳōƭŜ 

Ŧƭƻŀǘέ ƛƴ ǿƘƛŎƘ ǘƘŜ ōƻŘȅ ƛǎ ŀƛǊōƻǊƴŜΦ 

 

 

The numerous springs of the lower leg (Achilles tendon, medial longitudinal arch, 

illiotibial band, quadriceps femoris) are suggested to reduce the metabolic cost of 

transport by as much as 50% (Alexander, 1991). The ƳŀƧƻǊƛǘȅ ƻŦ ǘƘƛǎ άƳŜǘŀōƻƭƛŎ ǎŀǾƛƴƎέ 

is thought to be due to the foot longitudinal arch (17%; Ker et al, 1987), and the 

Achilles tendon (35%; Alexander, 1991). Thus, running can be considered to be moving 

along the ground in a bouncing fashion, where energy is constantly stored and 

returned in the musculoskeletal system. This has been modelled like a single linear 

spring, in which compression of the leg and centre of mass during the first half of 

stance represents absorption of energy into the spring, and this energy is released 

during the recoil and extension of the leg up until the point the body leaves the floor 

(Cavagna, 1977; Bishop et al, 2006).  
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Figure 2.2b. The stretch shortening cycle explained 

The combination of an eccentric muscle contraction immediately followed by a concentric muscle contraction is 

known as the stretch-shortening cycle (SSC) (Van Ingen, Bobbert and Haan, 1997). A SSC muscle action has been 

shown to enhance the maximum work output during the concentric phase (Asmussen and Bonde-Petersen, 

1974). The SSC utilises both the recoil of elastic tissue and reactive properties of the muscle to generate this 

increased force production when compared to a simple concentric movement (Wilk et al, 1993). When a muscle 

is loaded during an eccentric muscle action, this load is transferred to the series elastic component of the 

muscle tendon complex and stored as elastic energy. When this eccentric muscle action is immediately followed 

by a concentric muscle action, this stored elastic energy is released causing an increase in force production 

(Baechle and Earle 2008; Asmussen and Bonde-Petersen, 1974). With regard to the reactive properties of 

muscle, during an eccentric muscle action, muscle spindles, which are proprioceptive organs within the muscle, 

detect a rapid stretch. This results in a reflexive muscle action, which causes an increase in the activity of the 

agonist muscle groups, increasing the force production of that muscle (Wilk et al, 1993). 

There are three distinct phases in the SSC; The eccentric phase, the amortization phase and the concentric 

phase. The amortization phase, also known as the coupling phase is the time delay period between the end of 

the eccentric muscle action and the beginning of the concentric muscle action. The important features needed 

for an effective SSC function include well timed pre-activation of the muscles before the eccentric phase, a short 

and fast eccentric phase and a short amortization phase (Komi and Nicol, 2000). When there is no time delay 

between eccentric and concentric muscle action, there is a greater force potentiation during the concentric 

phase. When there is a longer time delay between eccentric and concentric muscle action, there is a significant 

reduction in the force potentiation effect during the concentric phase, due to energy being lost as heat. In the 

context of the gait cycle in running, the amortization period has been associated with ground contact time. 

Therefore it may be suggested that a shorter ground contact time during running may elicit a greater force 

potentiation during the concentric or propulsion phase of stance (Komi, 1984). Hence, increasing the 

neuromuscular control of running may exhibit a reduction in ground contact time and increase in the SCC 

function. This increase in the potential for force production as well as a reduction in the contractile demand of 

the muscle resulting in greater efficiency has been correlated with running performance (Bonacci et al, 2009; 

Divert et al, 2005b; Spurrs et al, 2003). 

 

The metabolic cost of running therefore is not only a cost of the muscular action 

required to decelerate the CoM and propel the body forwards, but is also largely 

influenced by the action of the stretch shortening cycle (SSC) contributing to the 

mechanical energy cost of this movement. This can be influenced to a certain extent by 

biomechanical factors, as discussed in the next section. 

2.2.1 Biomechanics Factors Associated with Running Economy 

 

The understanding of the relationship between biomechanics and RE is still in its 

infancy, in fact a global explanation of RE may be too complex to be associated with 

individual factors such as running kinematics. When considering the factors influencing 

RE, biomechanical variables are not believed to be as considerable as physiological 
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factors (Williams and Cavanagh, 1987). Furthermore, it has been suggested that RE 

may not be related to kinematic characteristics of running at all (Arampatzis et al, 

2006). However it has also been suggested that runners optimise the running gait 

based on O2 consumption and not for shock attenuation (Hamill, Derrick and Holt, 

1995; Moore, Jones and Dixon, 2013), and some limited correlations between running 

biomechanics and RE have been observed (Saunders et al, 2004b; Williams and 

Cavanagh, 1987; Heise and Martin, 2001).  

One example of how changes in running mechanics are suggested to improve RE is 

through more effective use of the SSC. This storage and restitution of elastic energy is 

dependent on the leg geometry during stance, for example the leg spring mechanics 

will be different with a forefoot strike pattern than a rearfoot strike pattern (Perl, 

Daoud and Lieberman, 2012). The Achilles tendon is believed to recover as much as 

35% of energy through elastic recoil (Alexander, 1991) that can only occur with an 

initial eccentric action on this structure that does not occur with a rearfoot strike 

pattern (Perl, Daoud and Lieberman, 2012). This improved elastic recoil with a forefoot 

strike pattern may however be at the cost of increased mechanical work as the triceps 

surae attempt to control the dorsiflexion moment with eccentric contraction (Perl, 

Daoud and Lieberman, 2012).  

A comparison of athletes who exhibit better RE than others may provide some 

important information on the kinematic variables associated with more economical 

running. However, large inter and intra-individual variation reported in RE and 

kinematics among runners (e.g. Tung, Franz and Kram, 2014) has resulted in some 

conflicting findings between these factors. There are numerous factors which may 

explain this variation; Firstly, a lower ground contact time has been suggested to 

improve RE (Kram and Taylor, 1990; Nummela, Keranen and Mikkelsson, 2007) as less 

time is available for force production (Kram and Taylor, 1990), and the amortization 

phase of the SSC is reduced thus resulting in increased elastic energy contribution 

(Nummela, Keranen and Mikkelsson, 2007). Indeed faster runners were observed to 

have a smaller contact time in an elite half marathon (Hasegawa, Yamauchi and 

Kraemer, 2007), and reducing contact time with explosive training significantly 

improved RE (Paavolianen et al, 1999a). However in an early study, Williams and 

Cavanagh (1986) found that a better RE was correlated to longer contact time. Finally, 
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several studies have found no relationships between RE and contact time (Kyrolainen, 

Belli and Komi, 2001; Storen, Helgerud and Hoff, 2011). Therefore, the role of contact 

time with respect to the stretch shortening action requires further investigation. 

Second, runners with a good RE were observed to take longer strides with a more 

dorsi-flexed foot strike pattern than matched runners with a RE that was worse 

(Williams and Cavanagh, 1987). This contradicts earlier work by Cavanagh, Pollock and 

Landa (1977) who observed that increased stride frequency (and therefore a shorter 

stride length) was correlated to better RE. Likewise, more recent work investigating 

how foot strike patterns can influence RE has been inconclusive (Section 2.2.2.2), that 

does not support the concept that a rearfoot strike pattern is any more efficient than a 

forefoot strike pattern. Also, several authors have suggested that runners self-select a 

stride frequency that is most economical (Hogberg, 1952; Cavanagh and Williams, 

1982; Moore, Jones and Dixon, 2013).  

To further confound matters, a study by Kyrolainen, Belli and Komi (2001) found that 

contact time and stride frequency did not correlate with RE. Instead, the authors found 

that increased braking forces and higher muscle activation were the only factors in 

that could help explain differences in RE, but this was not conclusive. In addition a 

lower vertical impact peak (Fz1) has been correlated with improved RE elsewhere 

(Williams and Cavanagh, 1987; Heise and Martin, 2001) and so both the braking force 

and peak impact force may be related to RE (Kyrolainen, Belli and Komi, 2001; Williams 

and Cavanagh, 1987; Heise and Martin, 2001). However, in both Kyrolainen, Belli and 

Komi (2001) and Williams and Cavanagh (1987), the authors conclude that no 

predominant factors became obvious as predictors of running economy. This would 

support Arampatzis et al (2006), who suggests RE is not influenced by kinematic 

factors. This area demands future research comparing groups who adopt different 

styles, as most research in this regard today uses deliberate changes to technique in 

running and this may not be appropriate for measuring how kinematics influence RE 

(Williams and Cavanagh, 1987). 

Other biomechanical factors that have been examined with regard to RE can be 

observed in Table 2.2.1 (Saunders et al, 2004b). From this table it appears as though 

the upper body can also influence RE and this has received very little attention in the 
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literature to this date. However, we have no evidence that footwear can influence arm 

movements and therefore this factor is not considered further. A lower vertical 

oscillation of the CoM (vertical oscillation) (Williams and Cavanagh, 1987; Cavanagh, 

Pollock and Landa, 1977; Saunders et al, 2004b), greater trunk angle, increased knee 

flexion during stance (Williams and Cavanagh, 1987), less plantar-flexion at toe-off, 

and increased knee flexion (Moore, Jones and Dixon, 2007) may be associated with a 

better RE but require further investigation also. 

 

Table 2.2.1. Biomechanical factors that may influence RE. Adapted from a review by 

Saunders et al (2004b). 

Factor Description for better RE 

Stride length Freely chosen over considerable training 
time 

Vertical oscillation of the CoM Lower 
Arm motion Not excessive 
Plantar-flexion at toe-off Less range of movement but greater 

angular velocity 
Transverse plane shoulder rotation Lower 
Vertical impact peak (Fz1) Lower 
Elastic energy More effective use of SSC 

 

It is believed that runners adopt their most economical running style over time (Nelson 

and Gregor, 1976), and so it will be important to examine how deliberate changes to 

the running gait can influence RE in the literature. This is discussed in the next section.  

2.2.2 Gait Changes and their Relationship to Running Economy  

 

It has been suggested as early as 1952 that the self-selected running kinematics (such 

as freely chosen stride length) is the most economical for human movement and is 

ǿƻǊǎŜƴŜŘ ǿƛǘƘ ŘŜƭƛōŜǊŀǘŜ ŎƘŀƴƎŜǎ όIƻƎōŜǊƎΣ мфрнΤ aƻǊƎŀƴ Ŝǘ ŀƭΣ мффпύΦ LƴŘŜŜŘΣ άit is 

reasonable to predict that during a training programme runners use a self-optimisation 

process to develop movement patterns that minimise energy cost and stresses on the 

bodyέ ό[ŀƪŜ ŀƴŘ /ŀǾŀƴŀƎƘΣ мффсΣ ǇǇ услύΦ ¢ƘŜǊŜŦƻǊŜΣ ƛǘ Ƴŀȅ ōŜ ŀǇǇǊƻǇǊƛŀǘŜ ǘƻ ǎǳƎƎŜǎǘ 

that runners who attempt to deliberately manipulate the running gait could 
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experience a decline in RE, and indeed this appears to be the case in the literature (e.g. 

Tseh, Caputo and Morgan, 2008). If deliberate changes in running technique resulted 

in increases in the metabolic cost of running, then it is possible that the onset of 

fatigue would occur sooner in these athletes, potentially increasing the likelihood of 

injury and reducing performance. One study has demonstrated negative changes to RE 

with largely exaggerated changes to running technique (Tseh, Caputo and Morgan, 

2008), but no studies have clearly demonstrated improved RE with any gait changes. In 

ŀƴ ŜŀǊƭȅ ǎǘǳŘȅ ōȅ ²ƛƭƭƛŀƳǎ ŀƴŘ /ŀǾŀƴŀƎƘ όмфутύ ƛǘ ƛǎ ǎǘŀǘŜŘ ǘƘŀǘ άit is possible that 

changing one [biomechanical] variable would lead to a myriad of changes in others, 

and the effects of such a change [on RE] could be unpredictableέ ό²ƛƭƭƛŀƳǎ ŀƴŘ 

Cavanagh, 1987, pp 1244). However, there is a paucity of evidence suggesting that 

changes in biomechanical variables with training have any influence on RE over time 

(Lake and Cavanagh, 1996). 

The popular use of gait-retraining pacƪŀƎŜǎ ǎǳŎƘ ŀǎ άth{9έ ǊǳƴƴƛƴƎ Ƙŀǎ ǊŜŎŜƴǘƭȅ ōŜŜƴ 

ŀǎǎŜǎǎŜŘ ǿƛǘƘ ǊŜƎŀǊŘ ǘƻ w9Σ ǿƘƛŎƘ ŎƘŀǊŀŎǘŜǊƛǎŜǎ ŀ άƳƛŘŦƻƻǘ ǘƻ ŦƻǊŜŦƻƻǘ ǎǘǊƛƪŜ ǇŀǘǘŜǊƴΣ 

minimal ground contact time, and a picking up of the feet with no pushing forcefully 

ƻŦŦ ǘƘŜ ŦƭƻƻǊέ όDƻǎǎ ŀƴŘ DǊƻǎǎΣ нлмнō, pp 63). This method attempts to teach athletes 

ǘƻ Ǌǳƴ άƳƻǊŜ ŜŦŦƛŎƛŜƴǘƭȅέ ōȅ ŦŀƭƭƛƴƎ ŦƻǊǿŀǊŘ ǳǎƛƴƎ ƎǊŀǾƛǘȅ ǿƘƛƭǎǘ ǎƛƳǇƭȅ ǇǳƭƭƛƴƎ ǘƘŜ ǘǊŀƛƭ 

leg up underneath the hips. However, this intervention was found to result in a decline 

in RE (Dallam et al, 2005), or have no effect (Fletcher, Esau and MacIntosh, 2008). 

[ƛƪŜǿƛǎŜ ŀ ƴƻǾŜƭ άƳƛŘǎǘŀƴŎŜ ǘƻ ƳƛŘǎǘŀƴŎŜέ ǊǳƴƴƛƴƎ Ŏƭŀǎǎ ǿŀǎ ŦƻǳƴŘ ǘƻ ƘŀǾŜ ƴƻ 

significant effect on RE over 8 weeks (Craighead, Lehecka and King, 2014). The use of 

verbal and visual feedback for gait-retraining over 5 weeks was also found to have no 

effect on RE (Messier and Cirillo, 1989). 

As discussed in the introduction section, several simple kinematic changes that runners 

ŀǊŜ ƴƻǿ ŀŘƻǇǘƛƴƎ ŀǎ ŀ ƳŜŀƴǎ ǘƻ Ǌǳƴ άƳƻǊŜ ƴŀǘǳǊŀƭƭȅέ ƛƴŎƭǳŘŜ ƛƴŎǊŜŀǎƛƴƎ ǎǘǊƛŘŜ 

frequency and adopting a mid or forefoot strike pattern. However the impact of these 

modifications to the running gait on RE are mixed; 
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2.2.2.1 Stride Frequency and Running Economy 

 

Increasing stride frequency to +10% of self-selected has been found to be detrimental 

to RE, but anything less than or equal to 10% has had minimal effect on metabolic cost 

(Cavanagh and Williams, 1982). Stride length will also influence stride frequency, and 

in one study it was suggested that a 10% reduction in stride length does not change 02 

consumption and heart rate when compared to the preferred rate (Hamill, Derrick and 

Holt, 1995). In contrast, Connick and Li (2014) have suggested that a 2.9% decrease in 

stride length was found to promote vastus lateralis and biceps femoris pre-activation 

and was more economical than the freely chosen stride length (Connick and Li, 2014). 

Likewise when 9 uneconomical runners underwent a 3 week biofeedback programme 

to reduce stride length by 10%, a marked reduction in freely chosen stride length as 

well as an improvement in RE was observed (Morgan et al, 1994). This suggests that 

uneconomical runners have not adapted to their most economical running pattern and 

may benefit from some kinematic intervention, although this requires further 

research. Increased stride frequency has been found to increase Kleg, but this was not 

compared to a change in RE (Giandolini et al, 2013a; Farley and Gonzales, 1996). 

 

2.2.2.2 The Foot Strike Pattern and Running Economy  

  

The foot striking pattern has been categorised into three distinct movements ς a 

rearfoot strike pattern in which the heel contacts the ground first, a forefoot strike 

pattern in which the anterior plantar surface of the foot is the first to contact the floor, 

and a midfoot strike pattern, characterised by a simultaneous contact of the heel and 

forefoot at the same time, with the foot flat (Lieberman et al, 2010). Adopting a 

forefoot strike pattern has been found to reduce ground contact time (Kulmala et al, 

2013), and this may play a role in improving the SSC as discussed above. Also, a 

midfoot or forefoot strike pattern has been suggested to implement more elastic recoil 

of the lower leg (Ardigo et al, 1995; Perl, Daoud and Lieberman, 2012). However, 

making athletes adopt either a rearfoot or forefoot strike pattern was found to have 

no effect on RE (Ardigo et al, 1995; Perl, Daoud and Lieberman, 2012; Cunningham et 

al, 2010; Gruber et al, 2013a). Whilst one might assume this means there is no 
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difference in the energy cost of adopting either a rearfoot or forefoot strike pattern, it 

is important to remember that this could be interpreted as a forefoot strike pattern 

being more efficient. This is because a forefoot strike pattern requires more 

mechanical work than a rearfoot strike pattern due to higher contractile activity during 

the initial phase of ground contact, and so the increased metabolic cost may be 

counteracted by a better SSC (Ardigo et al, 1995; Perl, Daoud and Lieberman, 2012). In 

comparison, a rearfoot strike pattern uses passive structures to a higher degree in 

order to decelerate the body during initial contact, and this requires less muscular 

activity (Williams and Cavanagh, 1987), although potentially at the risk of higher 

patellofemoral forces and loading on the lower extremity (See section 2.6.2.3). The 

lack of any difference in RE between a rearfoot and forefoot strike pattern was true for 

habitual forefoot and rearfoot strikers (Perl, Daoud and Lieberman, 2012; Gruber et al, 

2013a), and novice forefoot and rearfoot strike runners (Gruber, Russell and Hamill, 

2009). However, one study that did not compare the same participants adopting 

different foot strike patterns but instead compared a rearfoot strike pattern versus a 

midfoot strike pattern in different groups, found the rearfoot striking group to be more 

economical runners (Ogueta-Alday et al, 2013).  

The understanding of how the foot strike pattern can influence RE is still in its infancy, 

and if runners aim to prioritise metabolic cost or impact attenuation with subconscious 

kinematic patterns is a much debated topic, largely due to the lack of studies 

examining this specific question. Hardin et al (2004) found that runners adopt a more 

extended knee and potentially higher impact shock in favour of a better RE when 

running on a hard surface. Likewise it has been observed that runners self-select a 

stride length to enhance RE rather than impact (Hamill, Derrick and Holt, 1995). 

However, numerous kinematic changes have been observed with changes in footwear 

and surface hardness that are clearly influenced by the need to attenuate impact (see 

section 2.7). 

An important element of the running gait that needs to be considered is 

neuromuscular control as this can significantly influence running kinematics and 

muscular action. For example, the storage and restitution of elastic energy will be 

significantly influenced by neuromuscular control of lower body stiffness (Arampatzis 

et al, 2006; Spurrs et al, 2003). This is discussed in the next section. 
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2.2.3 Neuromuscular Factors A ssociated with  Running Economy 

 

Strength and endurance training combined has been found to improve RE and distance 

running performance, but have no effect on ±ɧ02max (Paavolainen et al, 1999a). This 

change in RE without subsequent improvements in ±ɧ02max may be largely due to 

improved neuromuscular factors (Nummela, Keranen and Mikkelsson, 2007) that 

result in a reduction in contact time, increased muscle pre-activation and increases in 

leg stiffness etc. (Paavolainen et al, 1999b).   

Differences in neuromuscular control have been observed between novice and trained 

athletes in running (Chapman et al, 2008b). These differences relate to higher 

individual and population variance in the novice group that is not observed in the 

trained athletes. In addition, novice cyclists were found to display higher, longer and a 

more random sequence of muscle activity when compared to trained cyclists 

(Chapman et al, 2008a). These differences between groups suggest that training 

experience may result in improved neuromuscular control and this has been linked to 

improved RE (Bonacci et al, 2009; Morgan et al, 1995) and control of leg stiffness 

which may influence injury (Butler, Crowell and Davis, 2003). In addition, it has been 

noted that age can also play a role in neuromuscular control; older athletes were 

found to display higher muscular activity (Madhavan et al, 2009; Hoffren, Ishikawa and 

Komi, 2007), less utilisation of tendious tissue for elastic energy return (Legramandi, 

Schepens and Cavagna, 2013; Hoffren, Ishikawa and Komi, 2007), and a greater delay 

in closed-loop feedback mechanisms (Collins et al, 1995) when compared to younger 

individuals. Therefore is appears that both training status and age can influence 

neuromuscular control during running. 

Of particular interest with regard to RE is lower body stiffness. Stiffness can be 

described as the relationship between the deformation of a body and a given force 

(Butler, Crowell and Davis, 2003) With regard to human movement, stiffness is a 

combination of all the individual stiffness values of the muscle, tendon, ligaments, 

cartilage and bone (Latash and Zatsiorsky, 1993). The leg, and stiffness (or compliance) 

of this structure, has traditionally been modelled on the behaviour of a single 

mechanical spring (Ferris, Louie and Farley, 1998). In order to maintain a constant 

vertical position and prevent collapse during the weight bearing portion of stance 
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during running, leg stiffness (Kleg) is optimised based on surface characteristics and 

running velocity (Kuitunen, Komi and Kyrolainen, 2002; Kerdok et al, 2002). Any 

change in Kleg has been related to limiting local heel pressures, attenuating impact, and 

minimising metabolic cost of movement (Kong, Candelaria and Smith, 2009), mostly as 

a result of co-contraction of the agonist/antagonist muscles of the leg (Kuitunen, Komi 

and Kyrolainen, 2002).  There are several measures of stiffness in the lower body 

(Table 2.2.3) and multiple ways of determining each, which has led to some degree of 

variation in results in this area (Butler, Crowell and Davis, 2003). For a review of 

methods for determining stiffness, see Brughelli and Cronin (2008). Kleg has been 

reported as reasonably constant during running irrespective of surface or footwear, 

but vertical stiffness (Kvert) can be sensitive to these factors (Butler, Crowell and Davis, 

2003; Kerdok et al, 2002).  This suggests that the body is sensitive to changes in surface 

hardness and modulates stiffness to maintain an overall value that is optimal for the 

task at hand (Lohman et al, 2011; Kerdok et al, 2002). Indeed, Ferris, Louie and Farley 

(1998) found that runners optimised Kleg during the first step on a new surface to 

maintain a constant leg-surface interaction (Ferris, Louie and Farley, 1998).  

 

Table 2.2.3. Different measures for lower body stiffness and their calculations (Butler, 

Crowell and Davis, 2003) 

Stiffness measure Method of calculation  

Leg stiffness (Kleg) Kleg = ὊÍÁØ  Ўὒϳ  

Vertical stiffness (Kvert) Kvert = Ὂάὥὼ  Ўώϳ  

Joint stiffness (Kjoint; ankle, knee, hip) Kjoint  = Ўὓ  Ў—ϳ  

Where Ὂάὥὼ = maximal vertical force, Ўὒ = change in vertical leg length, Ўώ = maximum vertical 

displacement of the CoM, Ўὓ = change in joint moment, and Ў— = change in joint angle. (It is important 

to differentiate between Kvert and Kleg. Kvert represents overall body stiffness defined by the relationship 

between the vertical ground reaction force (vGRF) and vertical displacement of the CoM, Kleg represents 

the stiffness of the lower extremity complex (foot, ankle, knee, and hip) calculated as the ratio between 

the vGRF and deformation in leg length. Kvert > Kleg always in running because the leg compresses more 

than the CoM. They are related, but not synonymous (Lussiana et al, 2013). 

 

With regard to RE, Heise and Martin (1998) found that a decrease in Kvert negatively 

correlated with O2 consumption (r=-0.48), although the authors found no relationship 

between Kleg and ±ɧ02. Butler, Crowell and Davis (2003) identified that during running, 



 

21 

 

increases in lower extremity stiffness was associated with increases in running velocity, 

decreases in stride length, and improved RE (Butler, Crowell and Davis, 2003). 

Likewise, increased Kleg has been associated with improved RE in a review by 

Kyrolainen, Belli and Komi (2001), and lowering Kvert increased 02 costs by as much as 

50% in McMahon, Valiant and Frederick (1987). High muscle and leg stiffness has been 

related to increased utilisation of the SSC in the musculo-tendon unit, which may 

explain this relationship between increase stiffness and RE (Kyrolainen, Belli and Komi, 

2001; Heise and Martin, 1998). Therefore it appears that any increase in stiffness 

would be advantageous to RE.  

 

How and why runners adopt particular kinematics is currently poorly understood, but 

ƛǘ Ƴŀȅ ōŜ ǘƘŀǘ ƘǳƳŀƴǎ ƘŀǾŜ ŀ άǇǊŜŦŜǊǊŜŘ ƳƻǾŜƳŜƴǘ ǇŀǘƘǿŀȅέ ǘƘŀǘ ǿƛƭƭ ŘŜǘŜǊƳƛƴŜ 

particular movements (Nigg, 2010). Footwear has been found to influence the running 

pattern and may have an effect on self-selected running kinematics and 

neuromuscular control. In addition, there are also mass and cushioning characteristics 

of footwear that may influence RE. These are now discussed. 

 

2.3 The Influence of Footwear on Running Economy 

 

CRS footwear exhibits some important differences to MFW or barefoot that can 

potentially influence RE. These include the cushioned sole which reduces the surface 

hardness on which the foot interacts, and a typically higher mass than MFW or 

barefoot (Figure 2.3). Other factors that should be taken into account are the degree 

of habituation to footwear or barefoot running, since longer term adaptations are as 

yet poorly understood with changes in footwear. Finally, the kinematic changes 

associated with CRS that can hypothetically influence the potential to implement the 

SSC should be considered. These will be discussed in the following sections. 



 

22 

 

 

CƛƎǳǊŜ нΦоΦ !ύ ¢ƘŜ ±ƛōǊŀƳ άCƛǾŜCƛƴƎŜǊέ® model used as the MFW in the present work, 

and B) the Asics ά/ǳƳǳƭǳǎέ® model used as the CRS in the present work. Note the 

difference in mass and cushioning between these models. 

 

2.3.1 The Influence of Surface Hardness on Running Economy   

 

The interaction of the foot and leg with a hard or soft surface will have important 

implications for RE. Running economy has been found to decline on softer surfaces and 

improve with increased surface stiffness (Hardin et al, 2004; Roy and Stefanyshyn, 

2006; Kerdok et al, 2002). This effect may be highly variable with changes in shoe 

hardness resulting in very individual effects on RE. In a study by Nigg et al (2003), some 

runners were found to be more economical in soft shoes, and some in hard shoes. 

Simple changes to footwear design have been found to have an effect on RE; for 

A 

 B 
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example increases in shoe midsole stiffness was found to improve RE by 1% (Roy and 

Stefanyshyn, 2006).  

The changes associated with surface hardness may be measured through Kleg changes. 

It seems reasonable to assume that increases in Kleg with softer footwear (Smith and 

Watanatada, 2002) occur in the same manner as increases in leg stiffness on compliant 

running surfaces (Ferris, Louie and Farley, 1998; Kerdok et al, 2002). However, both Kleg 

and Kvert were higher in the barefoot (harder surface) condition when compared to CRS 

in Divert et al (2005a). This finding of increased stiffness in the barefoot condition 

when compared to CRS has been consistently reported during running (De Wit, De 

Clerq and Aerts, 2000; Divert et al, 2005a, Divert et al, 2008). The reason that stiffness 

is higher barefoot is possibly due to shoe compression when in CRS that will be 

included in the CoM calculation (Butler, Crowell and Davis, 2013). Stiffness has been 

found to decrease on a very hard surface when footwear changes are not considered 

(Hardin et al, 2004). Therefore, it is important to remember that most stiffness 

calculations comparing barefoot/MFW to CRS includes shoe deformation and this will 

be a key factor in the SSC during running (Divert et al, 2005a). 

Several authors have attempted to determine the joint stiffness values and their 

respective changes when running in the barefoot condition compared to CRS. Coyles et 

al (2001) found that participants who ran barefoot increased ankle stiffness and 

decreased knee stiffness when compared to CRS. The authors noted that it was 

essentially an equal trade off, where reductions in knee stiffness were matched with 

similar increases in the ankle to maintain constant leg stiffness. Hamill et al (2012a) 

also compared barefoot and CRS where inclusion was dictated only if participants 

adopted a forefoot strike pattern when running barefoot, and a rearfoot strike pattern 

in CRS. The authors found that only an increase in ankle stiffness was observed when 

barefoot, with no difference in knee stiffness between the two footwear conditions in 

both old and young runners.  In contrast, when participants were asked to adopt a 

forefoot or rearfoot strike pattern in CRS, a similar crossover effect was observed but 

with the forefoot strike group adopting lower ankle stiffness values and higher knee 

stiffness (Hamill, Gruber and Derrick, 2012b). Since no foot strike pattern analysis or 

classification was observed in Coyles et al (2001), it is difficult to compare the results, 

but it may be reasonable to suggest that both footwear and the foot strike pattern 
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influence stiffness. Most of these studies have calculated joint stiffness for the knee 

and ankle with the same methods, however the ankle is very likely to both dorsiflex 

and plantarflex with a rearfoot strike pattern during the first half of stance and the 

methods employed may overestimate ankle stiffness with this foot strike pattern. In 

contrast, a forefoot strike pattern will only experience dorsiflexion in the first half of 

stance and thus this overall change in joint angle will be higher. It may therefore be 

pertinent to measure ankle stiffness from the point at which the ankle beings to 

dorsiflex until midstancŜ ŀƴŘ ǘƘǳǎ ƳŜŀǎǳǊŜ άǇƭŀƴǘŀǊŦƭŜȄƛƻƴ stiffnessέ ƛƴ ŀ ƳŀƴƴŜǊ ǘƘŀǘ 

is universal to all foot striking patterns. A second limitation to the present work is that 

none of these studies examined these stiffness changes in relation to RE. The 

relationship between these variables is poorly understood in running, or may just be 

highly variable (Nigg and Enders, 2013). To elaborate, Arampatzis et al (2001) found 

that forefoot strike running increased knee stiffness and reduced ankle stiffness, and 

that the relationship was reversed with a rearfoot strike pattern. In contrast, in an 

earlier study by Hamill et al (2011), the authors noted an increase in ankle stiffness, 

and no change in knee stiffness when comparing 4/0mm drop shoes to 12/8mm and 

20/16mm shoes, and suggested that the increased ankle stiffness was in order to mid-

foot strike and prevent localised heel pressures. However the same author 

subsequently found a decrease in ankle stiffness with a more anterior foot strike 

pattern, which contradicts their own previous work (Hamill, Gruber and Derrick, 

2012b).  

 

Regardless of how this interaction occurs with changes in surface stiffness, if the 

overall lower body stiffness increases as a consequence of changes in footwear, it may 

result in optimised storage and reutilisation of elastic energy. This will reduce the 

mechanical work performed by the muscle and potentially improve RE (Latash and 

Zatsiorsky, 1993; Ferris, Louie and Farley, 1998; Kubo et al, 2007). άMammals use the 

elastic components of their legs (principally tendons, ligaments and muscles) to run 

economically, whilst maintaining consistent support mechanics across various 

surfacesέ όYŜǊŘƻƪ Ŝǘ ŀƭΣ нллнΣ ǇмύΦ !ƴȅ ŘŜŎǊŜŀǎŜ ƛƴ ǎǳǊŦŀŎŜ ǎǘƛŦŦƴŜǎǎ ǿƛƭƭ ǊŜŘǳŎŜ ǘƘŜ 

opportunity to implement elastic recoil despite concomitant increases in leg stiffness 

and support mechanics. IƻǿŜǾŜǊΣ ŀ ǎǳǊŦŀŎŜ ǘƘŀǘ ŀƭƭƻǿŜŘ άǊŜōƻǳƴŘέ ǿƛǘƘ ŀ 12.5% 

reduction in surface stiffness was associated with a 12% decǊŜŀǎŜ ƛƴ ǊǳƴƴŜǊΩǎ 
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metabolic rate (Kerdok et al, 2002) and therefore may have contributed to the return 

of elastic energy during the running action. Again, this has not been examined as a 

result of a footwear intervention, and so interactions between long term changes in 

leg and joint stiffness with changes in footwear type remain unexplored.  

 

2.3.2. The Influence of Shoe Mass and Shoe Cushioning  on Running Economy 

 

The effect of carrying various masses on the foot has been examined with regard to RE. 

Once again, the current research in this area is conflicting and inconclusive. Several 

studies have concluded that for every 100g added to the foot, RE increases by 1% 

(Frederick, Daniels and Hayes 1984; Divert et al, 2008; Franz, Wierzbinski and Kram, 

2012), although this may represent a spectrum and not a definitive value, with heavier 

shoes resulting in greater changes to RE than lighter footwear (Franz, Wierzbinski and 

Kram, 2012). Whilst it has been suggested in a number of studies comparing barefoot 

and CRS running that 100g of shoe mass adds 1% to running economy (Burkett, Kohrt 

and Buchbinder, 1985; Divert et al, 2008; Flaherty, 1994; Frederick, Daniels and Hayes,  

1984; Hanson et al, 2011; Franz, Wierzbinski and Kram, 2012; Pugh, 1970), few have 

found a statistically significant difference in RE between these conditions due to mass 

(Burkett, Kohrt and Buchbinder, 1985; Divert et al, 2008; Flaherty, 1994). Furthermore, 

no significant difference was observed in barefoot running compared to CRS with a 

shoe mass difference of +150g (Divert et al, 2008), +250g (Pugh, 1970), and +300g 

(Frederick, Daniels and Hayes, 1983) respectively. Hanson et al (2011) did find a 

significant difference in RE for barefoot and CRS running, but the methods of this study 

have been suggested to be erroneous resulting in barefoot running being slower than 

CRS running (Kram and Franz, 2012). This is because the authors attempted to control 

running velocity using a Nike+® system that ascertained this value from step 

frequency, and the difference in stride length and frequency between barefoot and 

CRS running was not accounted for. Thus the 5.7% lower 02 cost when running over 

ground barefoot vs CRS should be interpreted with caution. 

In contrast to the mass theory, barefoot running may offer no extra metabolic savings 

compared to a lightweight cushioned running shoe (Franz, Wierzbinski and Kram, 
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2012; Tung, Franz and Kram, 2014)Σ ŘǳŜ ǘƻ ŀ άŎƻǎǘ ƻŦ ŎǳǎƘƛƻƴƛƴƎέ ŜŦŦŜŎǘ ǿƘŜƴ ǳǎƛƴƎ ŀ 

slightly cushioned (10mm) surface or ultra-lightweight footwear. ¢ƘŜ άŎƻǎǘ ƻŦ 

ŎǳǎƘƛƻƴƛƴƎέ ǘƘŜƻǊȅ ōȅ Franz, Wierzbinski and Kram (2012) suggests that there is an 

increased mechanical cost in actively attempting to attenuate impact when no 

cushioning is present. However, this was not true for a 20mm soft surface in which no 

significant difference in metabolic cost compared to 10mm was observed (Tung, Franz 

and Kram, 2014). This is in contrast to studies that have found a higher metabolic cost 

with decreases in treadmill surface stiffness (Hardin et al, 2004), but this treadmill may 

have had excessive damping properties that resulted in this effect and may need to be 

controlled for (Tung, Franz and Kram, 2014).  

Current evidence appears to suggest that any positive RE changes with cushioning 

seems to counteract the additional cost of the cushioning mass. For example, a 

lightweight cushioned MFW of 210g offered a -1.63% metabolic saving compared to 

barefoot (Tung, Franz and Kram, 2014), that should have resulted in an extra +2.1% 

metabolic cost due to mass (Divert et al, 2008). Likewise Franz, Wierzbinski and Kram 

(2012) did not find a statistically significant difference in RE cost comparing barefoot 

and CRS despite a mass difference, but when mass was controlled for a lightweight CRS 

resulted in a 3.4% lower RE (Franz, Wierzbinski and Kram, 2012). Interestingly, an early 

study by Williams and Cavanagh (1987) alluded to the cost of cushioning hypothesis 

ǎǘŀǘƛƴƎ άlower energy costs might be related to the cushioning that takes place 

immediately following contact. Extreme rearfoot strikers might be able to let footwear 

and [passive] skeletal structures take more of the load, reducing necessary muscular 

forces to provide cushioningέ (Williams and Cavanagh 1987, pp 1242). This model does 

not however take into account elastic energy, and changes in footwear may influence 

this factor. 

2.3.3 Elastic Energy Utilisation with F ootwear  

 

In a major study comparing habitually shod vs. unshod American and Kenyan runners, 

Lieberman et al (2010) hypothesised that habitually barefoot runners are much better 

suited to use elastic recoil of the lower leg than shod runners. The research group later 

confirmed this hypothesis by controlling foot strike pattern, shoe mass and stride 

frequency in habitually barefoot and MFW runners and observing  a ~3% better RE in 
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the habitually barefoot and MFW runners compared to CRS (Perl, Daoud and 

Lieberman, 2012). It was suggested that footwear limit the ability of the longitudinal 

arch to store and recoil elastic energy, as well as reducing knee stiffness and the 

potential to implement the SSC via the quadriceps. Interestingly the authors found a 

rearfoot strike pattern to be non-significantly more economical than a forefoot strike 

pattern (Perl, Daoud and Lieberman, 2012). This would support the earlier hypothesis 

that the use of passive structures in decelerating the leg upon impact demands less 

mechanical energy than a more active deceleration via eccentric loads in a forefoot 

strike pattern. IƻǿŜǾŜǊ ǘƘŜǊŜ ŀǊŜ ǎǘƛƭƭ άŜƴŜǊƎȅ ǎŀǾƛƴƎέ ƻǇǇƻǊǘǳƴƛǘies in running that 

should be taken into account. For example, wearing CRS has been found to reduce the 

ability to sense joint position at the ankle (Squadrone and Gallozzi, 2009), which may 

reduce pre-contraction and the activity of increasing stiffness to enhance the SSC 

(Lussiana et al, 2013). Secondly, higher pre-activation of the plantar flexors and the 

reduction on contact time observed when barefoot has been suggested to be an 

important mechanism for improving the SSC during running (Divert et al, 2005b). Given 

that the majority of research examining the effect of footwear on RE use acute studies, 

it becomes very difficult to interpret how these factors will relate to RE over time. This 

is because acute changes to footwear may not identify how long term barefoot or 

MFW use adapts the body to better implement the SSC. In support of this, a study by 

Robbins and Hanna (1987) that found a significant shortening of the medial 

longitudinal arch of the foot with increased barefoot activity. This improvement in arch 

function and stiffness could hypothetically influence the SSC in the foot to the elastic 

energy opportunities in the medial longitudinal arch (Ker et al, 1987), which will not be 

observed in acute studies or novice barefoot/MFW runners. 

2.3.4 Habituation to F ootwear  

 

The degree of habituation to barefoot or MFW running is an important factor in 

understanding the energy cost of running. In this regard, the findings of the existing 

literature is varied, with some studies using habituated barefoot or MFW participants 

(Squadrone and Gallozzi, 2009; Perl, Daoud and Lieberman, 2012; Franz, Wierzbinski 

and Kram, 2012), some with no experience (Burkett, Kohrt and Buchbinder, 1985; 

Flaherty, 1994; Divert et al, 2008), and some with irregular amounts of barefoot 
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experience (Hanson et al, 2011). Perhaps the most robust study design in this regard is 

the study Perl, Daoud and Lieberman (2012), who used experienced barefoot runners 

with several controlled factors. The authors found that irrespective of foot strike 

pattern, habituated barefoot and MFW runners were more economical than 

habituated CRS runners (Perl, Daoud and Lieberman, 2012). Whilst this study is good, it 

does raise into question an interesting consideration; the study controlled for shoe 

weight and stride frequency, and also asked participants to deliberately adopt 

ŘƛŦŦŜǊŜƴǘ Ŧƻƻǘ ǎǘǊƛƪŜ ǇŀǘǘŜǊƴǎΦ IƻǿŜǾŜǊΣ ǘƘŜǎŜ άŜŦŦŜŎǘǎέ ŀǊŜ an integral part of the 

difference between footwear, and so controlling for them may take away from the 

global difference between CRS and barefoot/MFW running. It may be feasible to 

suggest that more studies need to examine RE without any controlling factors to first 

determine these global effects, as they may have a more applied outcome to the 

current running generation. To elaborate, novice forefoot strike runners (who would 

normally rearfoot strike) have been found to increase the 02 cost and amount of 

carbohydrate contribution to total energy expenditure when compared to a habitual 

forefoot striking group (Gruber et al, 2013a). Therefore, asking runners to deliberately 

adopt a certain foot strike pattern Ƴŀȅ άŎƻƴǘŀƳƛƴŀǘŜέ ǘƘŜ ƻōǎŜǊǾŜŘ ŜŦŦŜŎǘ ǿƛǘƘ ǊŜgard 

to RE. 

2.3.5 MFW Research with Regard to Running Economy 

 

Whilst many studies have compared CRS with barefoot running, only limited research 

has investigated how various MFW can influence running economy. MFW footwear 

exhibit varied designs and ŘŜƎǊŜŜǎ ƻŦ άƳƛƴƛƳŀƭƛǎƳέ ŀƴŘ ǎƻ ǎƘƻǳƭŘ ƴƻǘ ōŜ ƎǊƻǳǇŜŘ ƛƴǘƻ 

one footwear sub-section necessarily. Instead these shoes should be each given 

individual scrutiny and considered separately.  

{ŜǾŜǊŀƭ ǎǘǳŘƛŜǎ ƘŀǾŜ ǳǎŜŘ ǘƘŜ ±ƛōǊŀƳ άCƛǾŜCƛƴƎŜǊέ® (VFF) footwear when examining RE 

in runners. Perl, Daoud and Lieberman (2012) found a mean improvement in RE of 

3.32% and 2.41% when rearfoot striking and forefoot striking respectively in the VFF 

condition when compared to a CRS. This footwear was also examined in Squadrone 

and Gallozzi (2009) and was found to be more economical than both barefoot and CRS 

ǊǳƴƴƛƴƎΣ ǘƘŀǘ Ƴŀȅ ǎǳǇǇƻǊǘ ǘƘŜ άŎƻǎǘ ƻŦ ŎǳǎƘƛƻƴƛƴƎέ ǘƘŜƻǊȅΣ ŘŜǎǇƛǘŜ ōŜƛƴƎ ƻƴƭȅ ŀ оƳƳ 

hard outsole. The shoe was also found to display some similarities to barefoot running 
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with regard to kinematics and kinetics (for further details see section 2.8). Likewise 

Perl, Daoud and Lieberman (2012) suggest that improved energy storage and recoil in 

the longitudinal arch of the foot during VFF running may be very similar to barefoot 

running, since shoe longitudinal bending stiffness is much higher in CRS than in ±CCΩǎ. 

¢ƘŜ ±CC ƛǎ ŀƭǎƻ ǘƘŜ ƻƴƭȅ ǎƘƻŜ ǘƻ ǎƛƳǇƭȅ ƻŦŦŜǊ ŀ άǎƪƛƴέ ƻŦ ǇǊƻǘŜŎǘƛƻƴ ŦƻǊ ǘƘŜ Ŧƻƻǘ ǿƘƛƭǎǘ 

not impeding normal barefoot movement (Squadrone and Gallozzi, 2009), potentially 

making this the closest shoe available to being barefoot.  

With regards to other commercially available MFW footwear, Lussiana et al (2013) 

found that RE was 1.9% better in MFW than CRS (MerrŜƭƭ ά¢Ǌŀƛƭ Dloveέϯ 187g vs 333g 

CRS). In a further study, running in a MFW (Merrell άPace Gloveέ®) was 1.1% more 

economical than a CRS, but this was not found to be significant (CRS 541 vs. MFW 321g 

mass) (Sobhani et al, 2014). When considering the difference between these studies, 

the άtŀŎe Gloveέ (Sobhani et al, 2014) ǿŀǎ ŀ ƘŜŀǾƛŜǊ ǎƘƻŜ ǘƘŀƴ ǘƘŜ ά¢Ǌŀƛƭ Dloveέ used 

in Lussiana et al (2013), and therefore the mass difference to CRS was not as 

substantial in Sobhani et al (2014). 

The Nike άFree (3.0)έϯ received attention in Tung, Franz and Kram (2014) with regard 

evaluating the effects of MFW on performance. The authors found no significant 

difference in metabolic cost when compared to barefoot. Likewise the ultra-

lightweight Nike άMayflyέϯ was found to offer no metabolic advantage over barefoot 

(Franz, Wierzbinski and Kram, 2012). Both of these shoes are lightweight (~150-250g) 

but offer at least 10mm of cushioning. Given that the difference in metabolic cost 

should be ~1.5-2.5% due to mass, the lack of any difference lends support ǘƻ ǘƘŜ άŎost 

ƻŦ ŎǳǎƘƛƻƴƛƴƎέ ƘȅǇƻǘƘŜǎƛǎ ƻǳǘƭƛƴŜŘ ŀōƻǾŜΦ ²Ƙȅ ǘƘŜ aŜǊǊŜƭƭ ŀƴŘ ±CC ŦƻƻǘǿŜŀǊ ǊŜǎǳƭǘŜŘ 

in significantly better RE than the Nike shoes warrants further investigation. The 

Merrell and VFF footwear both exhibit hard thin outsoles, and so it may be the case 

that increases in proprioceptive feedback in these conditions mediate a greater 

kinematic change (see section 2.7) that improves RE when running in these shoes. This 

requires further examination. 
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2.4 Conclusion ɀ Running Economy, Biomechanics, and Footwea r  

 

Based on the current scientific research, the metabolic cost of running barefoot vs 

MFW vs CRS appears to be highly varied. There may be several influencing factors 

including shoe mass, a metabolic cost of cushioning, or implementation of the SSC 

involved. The lack of any consensus may be due to a large degree of inter and intra-

subject variation in this area (Nigg and Enders, 2013; Tung, Franz and Kram, 2014) and 

suggests that the individual effects of footwear on runners is highly variable. There 

may be a metabolic cost of transport associated with shoe cushioning due to higher 

ƳǳǎŎǳƭŀǊ ŀŎǘƛǾƛǘȅ ǊŜǉǳƛǊŜŘ ǘƻ άŎǳǎƘƛƻƴέ ǘƘŜ ƛƳǇŀŎǘ ŘǳǊƛƴƎ Ŧƻƻǘ ŎƻƴǘŀŎǘ ǿƘŜƴ ŎƻƳǇŀǊŜŘ 

to barefoot, but this has not been observed in Merrell and VFF MFW. As a general rule, 

it has been suggested that there is a +1% metabolic cost for each 100g of mass added 

to a shoe, but this may only be true with heavier shoes. Lower body stiffness appears 

to change with footwear, and this may influence the SSC but has not been investigated 

over a familiarisation period. Popular gait changes such as increases in stride frequency 

and adoption of a mid or forefoot strike pattern do not seem to influence RE. Further, 

interventions that deliberately change natural gait parameters can be detrimental to 

RE but have not been considered over a very long habituation period (years). 

 

2.5 Running Related I njury   
 

Overuse injury of the musculoskeletal system is thought to occur when the bodily 

structures are exposed to a large number of repetitive forces, such as the cyclical 

action of the foot coming in contact with the ground during running (Lopes et al, 

2012). These forces can cause micro damage and fatigue over time, even if the forces 

are well below the threshold for acute injury (Hreljac, Marshall and Hume, 2000). In 

the case of running, it has been suggested that 56% of recreational runners and 90% of 

marathoners will sustain a running related injury every year. Half of these will affect 

the patellofemoral joint (Taunton et al, 2002). Running related injuries have been used 

to classify the incidence of injury rates and the exposure to injury as a result of training 

hours (per 1000hours) or the amount of injuries experienced per 100 runners (Buist et 
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al, 2010). Results vary in the literature from 30% to 79% of running related injuries per 

100 runners, and injury incidence from 7 to 59 injuries per 1000 hours of training (Buist 

et al, 2010). The most common sites for injury and their prevalence have been 

summarised in Table 2.5a.  

Table 2.5a. Running related injury locations and their prevalence, a summary of the 

relevant literature. 

Author(s) Description Injury Injury prevalence 

Taunton et al, 
2002 

Retrospective 
analysis of 2002 
running injuries 

¶ Patellofemoral pain 
syndrome 

¶ Illiotibial band 
friction syndrome 

¶ Plantar fasciitis 

¶ Meniscal injuries 

¶ Tibial stress 
syndrome 

Knee ς 42.1% 
Foot/Ankle ς 16.9% 
Lower leg ς 12.8% 
Hip/Pelvis ς 10.9% 
Achilles/Calf ς 6.4% 

Buist et al, 2010 8 week prospective 
study in 629 novice 
runners 

 30.1 injuries per 
1000h of running 

Theisen et al, 
2013 

5 month 
prospective study 
with hard and soft 
midsole shoes 

 12.1 injuries per 
1000h of running 

Bennett, 
Reinking and 
Rauh, 2012 

Relationships 
between plantar 
flexor endurance, 
navicular drop, and 
leg pain. 

Only measured 
άŜȄŜǊŎƛǎŜ ǊŜƭŀǘŜŘ ƭŜƎ 
Ǉŀƛƴέ 

44.1% injured during a 
cross country season 

Hespanhol et al, 
2012 

Injury 
questionnaire in 
200 recreational 
runners 

Knee most affected 
region (27.3%). 
In general main 
reported 
injuries were 
tendinopathies 
(17.3%), 
and muscle injuries 
(15.5%) 

55% of runners in the 
last 12 months 

Astorino, 2008 15 cross-country 
runners over a 
single season 

¶ Shin Splints 

¶ Ankle Sprains 

¶ Stress fractures 

¶ Groin pulls 

¶ Back pain 

50% of athletes in a 
competitive season 

Schwellnus, 
Jordaan and 
Noakes, 1990 

Shock absorbing 
insoles (n=237) vs. 
controls (n=1151) 

Over 80% of injuries in 
the leg or knee. 
Tibial stress syndrome 

22.8% injured in 
insoles, 31.9% injured 
in control group. 
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over 9 weeks and patellofemoral 
pain most common. 

Alonso et al, 
2010 

Injury rates at the 
IAAF World 
Athletics 
Championships 

80% of injuries in the 
lower extremity ς 
thigh strain was most 
common (13.8%) 

135.4 injuries per 
1000 athletes during 
the event. 

Van Middelkoop 
et al, 2008 

694 male marathon 
runners leading  
into a marathon 

¶ Knee (28.7%) 

¶ Calf (27.2%) 

¶ Thigh (15.9%) 

28% (before or during 
the marathon) 

Knobloch et al, 
2008 

291 elite masters 
athletes 

¶ Achilles 
tendinopathies 
(0.02/1000km) 

¶ Anterior knee pain 
(0.01/1000km) 

¶ Shin splints 
(0.01/1000km) 

0.07 injuries per 
1000km of running. 

Tonoli et al, 2010 Systematic review ¶ Achilles 
tendinopathies 

¶ Illiotibial band 
friction syndrome 

¶ Medial Tibial stress 
syndrome 

Between 0.1 and 2.6% 
in long distance 
runners 

Van Gent et al, 
2007 

Systematic review 
 

¶ Knee (7.2 - 50%) 

¶ Lower leg (9.0 - 
32.2%) 

¶ Foot (5.7 - 39.3%) 

¶ Upper leg (3.4 - 
38.1%) 

¶ Ankle (3.9 - 16.6%) 

¶ Hip/pelvis (3.3 ς 
11.5%) 

Lower extremity: 19.4 
ς 79.3%. 
Whole body: 19.4 ς 
92.4% 

Nielsen et al, 
2014 

Prospective study 
in 927 novice 
runners 

 253 of 927 runners 
sustained a running 
related injury in 1 
year (26%). 

Lopes et al, 2012 Systematic Review ¶ Medial Tibial Stress 
Syndrome 

¶ Achilles 
Tendinopathies 

¶ Plantar fasciitis 

¶ Patellofemoral pain 
syndrome 

 

Daoud et al, 
2012 

6 months of injury 
data in collegiate 
cross country 
runners comparing 
foot strike patterns 
- retrospective 

¶ Muscle strains 
(21.5%) 

¶ Medial tibial stress 
syndrome (13.8%) 

¶ Patellofemoral pain 
syndrome (7.7%) 

84% of runners 
sustained a repetitive 
injury. 
running related injury: 
8.66 per 1000 miles 
with a rearfoot strike 
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¶ Illiotibial band 
friction syndrome 
(7.2%) 

¶ Achilles 
tendinopathies 
(6.6%) 

/  
5.00 per 1000 miles 
with a non-rearfoot 
strike pattern 

Willems et al, 
2006 

3 year prospective 
study looking at 
gait abnormalities 

άŜȄŜǊŎƛǎŜ ǊŜƭŀǘŜŘ  
ƭƻǿŜǊ ƭŜƎ Ǉŀƛƴέ 

11.5% injuries over 
the three years (18% 
in women, 7% in men) 

Malisoux et al, 
2013 

A review of injury 
risk in runners who 
use different pairs 
of running shoes 

 33% of 264 
participants were 
injured over 22 
weeks. 

 

Despite long term research being undertaken in the area of musculoskeletal injury, the 

cause of many running related injuries are not fully understood. The numerous risk 

factors for injury suggested in the literature have been summarised in Table 2.5b. 

IƻǿŜǾŜǊΣ ǿƘƛƭǎǘ ƛǘ ƛǎ ŀǇǇŀǊŜƴǘ ǘƘŀǘ ǘƘŜǊŜ ŀǊŜ ǎƻƳŜ ŎƻƴǎƛǎǘŜƴŎƛŜǎ ŀƴŘ άŎƻƳƳƻƴ ǎŜƴǎŜέ 

factors included, many of these factors, when individually analysed, are inconsistently 

correlated with injury (Murphy, Conolly and Beynnon, 2003: Van Gent et al, 2007). 

Hreljac and colleagues (2000) suggest that factors related to injury can be classified 

into three areas; training (excessive distance or intensity, rapid increases in training, 

surface, footwear), anatomical (arch height, ankle range of motion, alignment 

abnormalities) and biomechanical (Fz1, loading rate, magnitude of the vertical ground 

reaction force [Fz2], rearfoot control). However the authors found considerable 

evidence to both support and dispute the majority of these factors, suggesting that no 

strong evidence exists to support any of these contentions with the exception of 

training volume, intensity, and rate of progression, with over 60% of running injuries 

attributed to training error (Hreljac, Marshall and Hume, 2000; Nielsen et al, 2012). It 

appears that the manifestation of particular injuries is a multifactorial anomaly largely 

determined by a number of factors (Nielsen et al, 2012), but duration, frequency or 

running distance, as well as previous injury, are the main factors involved in running 

related injury (Yeung and Yeung, 2001; Van Gent et al ,2007).  
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Table 2.5b. Factors associated with injury, a summary of the relevant literature. 

Author(s) Description Injury Factor Factors 
investigated 
directly? 

Nigg, 2001 Proposal of a new 
muscle tuning 
paradigm 

Excessive soft tissue vibration Yes 

Zadpoor and 
Nikooyan, 2011 

Impact related 
variables between 
previous stress fracture 
group and control 

Loading rate and not Fz1 Meta-
analysis 

Buist et al, 2010 8 week prospective 
study in 629 novice 
runners 

Male  
Being younger 
Females with higher BMI  
Less previous running 
experience 

Yes 

Van Mechelen, 
1992 

Review Only four factors have 
consistent evidence: 

1) Running inexperience 
2) Previous injury 
3) Running to compete 
4) Excessive distance /wk 

Review 

Taunton et al, 
2002 

Retrospective analysis 
of 2002 running injuries 

Being less than 34 years old 
Less than 8.5 years of activity 
BMI less than 21 in women 

Yes 

Verrelst et al, 2013 Prospective kinematic 
factors related to 
exertional medial tibial 
pain in 86 females over 
2 years 

Increased range of 
movement in transverse 
plane of hip and thorax in 
stance phase 

Yes 

Edwards et al, 
2009 

Determining effect of 
stride length and 
mileage as risk factors 
for stress fractures 

Increased mileage 
Decreased stride length by 
10%  

Yes 

Daoud et al, 2012 6 months of injury data 
in collegiate cross 
country runners 
comparing foot strike 
patterns - retrospective 

Rearfoot striking 
Female 
Longer race distance 
Higher weekly mileage 

Yes 

Theisen et al, 2013 5 month prospective 
study with hard and 
soft midsole shoes 

High BMI 
Previous injury 
Mean session intensity 
(other sports participation 
was a protective factor) 

Yes 

Hreljac, Marshall 
and Hume, 2000 

Injury free and injury 
prone groups 
compared 

Poor sit and reach test 
Increased loading rate 
Increased Fz1 

Yes 

Pohl et al, 2008 30 females with tibial Peak hip adduction Yes 
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stress fracture history 
compared to controls  

Absolute free moment 
Rearfoot eversion 

Bennett, Reinking 
and Rauh, 2012 

Relationships between 
plantar flexor 
endurance, navicular 
drop, and leg pain 

Navicular drop > 10mm (x7 
more likely to experience leg 
pain) 
Previous leg pain (x12 more 
likely to experience leg pain) 

Yes 

Hespanhol et al, 
2012 

Injury questionnaire in 
200 recreational 
runners 

Running experience less than 
5-15 years 

Yes 

Milner, Hamill and 
Davis, 2006 

Female RFS participants 
comparing stress 
fracture and non-stress 
fracture group 

Increased loading rate 
Increased tibial shock 

Yes 

Pohl, Hamill and 
Davis, 2009 

Male participants with 
and without plantar 
fasciitis history 

High loading rate 
Low medial longitudinal arch 

Yes 

Schwellnus, 
Jordaan and 
Noakes, 1990 

Shock absorbing insoles 
(n=237) vs. controls 
(n=1151) over 9 weeks 

Shock absorbing insoles were 
a protective factor 

Yes 

Knapik et al, 2010 Assigning shoes based 
on foot shape in 
military recruits over 1 
year. 

Low aerobic fitness 
Smoking 

Yes 

Van Middelkoop et 
al, 2008 

694 male marathon 
runners leading  into a 
marathon 

More than 6 races in 12 
months 
Previous injury 
High education level 
Daily smoking 
Protective factors - 
<40km/week for calf, more 
intervals for knee 

Yes 

Tonoli et al, 2010 Systematic review Younger 
Injury history 
Less running experience 

No ς review 

Van Gent et al, 
2007 

Systematic review 
 

Strong evidence: 
High mileage 
Previous injuries (BUT this 
was a protective factor for 
knee injuries) 
Limited Evidence: 
Older 
Sex differences 
Leg length differences 
Height 
Alcohol 
Poor medical history 
Greater knee varus 
Greater tubercle-sulcus angle 

No - review 
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Yeung and Yeung, 
2001 

Systematic review of 
interventions 

Mileage, 
Frequency of training 
Distance 

No ς review 

Chuter and Janse 
de Jonge, 2012 

Review of proximal and 
distal contributions to 
injury 

Excessive foot eversion (but 
may be a protective factor 
for stress fractures) 
tƻƻǊ άŎƻǊŜέ ǎǘŀōƛƭƛǎŀǘƛƻƴ 

No - review 

Murphy, Conolly 
and Beynnon, 
2003 

Review of lower 
extremity risk factors 

Regular competition 
Artificial turf 
Previous injury 
 
Specific to stress fractures:  
High arches  
Foot inversion 
Decreased bone mineral 
density 

No - review 

Milner, Hamill and 
Davis, 2010 

Kinematic analysis in 
tibial stress fracture 
and control groups 

Peak hip adduction peak 
rearfoot eversion  

Yes 

Milner, Hamill and 
Davis, 2007 

Kinematic analysis in 
tibial stress fracture 
and control groups 

Increased knee stiffness Yes 

Willems et al, 2006 3 year prospective 
study looking at gait 
abnormalities 

1) A central heel strike 
pattern at initial 
contact 

2) More everted foot and 
lateral plantar loading 

3) A higher lateral roll-off 

Yes 

Malisoux et al, 
2013 

A review of injury risk 
in runners who use 
different pairs of 
running shoes 

Using only one pair of 
running shoes 
Previous injury 
No other sports participation 

Yes 

Goss and Gross, 
2012b 

Review of injury trends 
with different running 
styles 

Extrinsic: 
Running shoe age 
High volume 
High frequency 
High intensity 
Intrinsic: 
Previous injury 
Being older 
Increased mass 
Genu valgum 
Pes planus 
Pes cavus  
Higher Fz1 and loading rate 

No - review 
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With regard to specific populations, in the 2009 IAAF World Athletics Championships, 

more than 13% of the athletes became injured within the short period of time that 

they were at the competition (135.4 injuries per 1000 athletes over approx. two 

weeks). Furthermore, most of these injuries occurred in distance runners and multi 

event athletes, with overuse being the most common cause account for more than 

44% of the injuries reported (Alonso et al, 2010). The study by Alonso et al (2010) was 

based on elite athletes, but the injury incidences have been found to be much higher 

in novice and recreational runners when compared to competitive, marathon or cross 

country athletes (Tonoli et al, 2010; see Figure 2.5;). The reduction in injury rates in 

more experienced runners has been suggested to be largely as a result of necessary 

adaptation to training stimuli over time, but has also ōŜŜƴ ǊŜƭŀǘŜŘ ǘƻ ŀ άǎǳǊǾƛǾŀƭ ƻŦ ǘƘŜ 

ŦƛǘǘŜǎǘέ ǇƘŜƴƻƳŜƴƻƴ. This is where athletes who are not predisposed to injury appear 

to move into higher levels of running and show increased participation (Hespanhol et 

al, 2012). Indeed running injury has been flouted as the biggest cause of dropout in 

novice athletes (Hespanhol et al, 2012). To support this observation, it was found that 

older more experienced athletes were at reduced risk of receiving a running related 

injury, possibly for the same reasons (Tonoli et al, 2010), but this may also be due to 

reductions in training volumes with age. Likewise, increases in BMI or body mass have 

been suggested to be protective factors for running related injury, since it is assumed 

that this population cannot/do not achieve high volumes of running related activity 

(Van Gent et al, 2007) due to anthropometric limitations. Therefore, it has been 

suggested that a combination of intrinsic and extrinsic risk factors predisposes runners 

to develop a running related injury (Buist et al, 2010). 
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ϝ Ґ t Җ лΦлрΣ /L Ґ /ƻƴŦƛŘŜƴŎŜ LƴǘŜǊǾŀƭΦ 

Figure 2.5. Injury incidence in various levels of running for men ǁ and women ǀ. 

Adapted from Tonoli et al (2010). 

 

2.6 Running Biomechanics and Running Related I njury  

 

It is apparent in the previous section that the understanding of running related injury is 

still in its infancy and therefore not fully understood. Whilst most running injuries are 

related to training error, volume and intensity (see section 2.5), abnormalities in 

running biomechanics has been proposed to relate to specific injuries (Goss and Gross, 

2012b). However, very few relationships of this kind have been consistently observed 

in the literature (Novacheck, 1998).  

It has been suggested that gender can influence running mechanics. For example, 

during running females have been found to display lower variability in transverse plane 

hip, knee and ankle rotations and sagittal plane rotations at the ankle (Barrett, 

Noordegraaf and Morrison, 2008), greater hip adduction, hip internal rotation 

(Chumanov, Wall-Scheffler and Heiderscheit, 2008; Ferber, Davis and Williams, 2003) 

higher knee abduction angles, higher hip frontal and transverse plane negative work 

(Ferber, Davis and Williams, 2003), and higher gluteus maximus activity (Chumanov, 

Wall-Scheffler and Heiderscheit, 2008), than their male counterparts. Therefore any 
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studies examining kinematics related to running should control for gender in order to 

control for these differences. 

A review by Hall et al (2013) suggested that the biomechanical risk factors for injury in 

runners fall under kinetic, kinematic and neuromuscular factors. These are discussed in 

the following sections. 

  

2.6.1 Kinetic Factors and Running Related Injury  

 

Kinetic analysis involves evaluation of the forces and powers that cause movement, 

ǘƘŜ άƘƻǿ ŀƴŘ ǿƘȅέ ƻŦ ƪƛƴŜƳŀǘƛŎ ŎƘŀƴƎŜǎ όbƻǾŀŎƘŜŎƪΣ мффуύΦ During running, the foot 

comes in contact with the ground over 600 times per km, and each contact results in 

impact forces acting on the body (Lieberman et al, 2010). This impact can be measured 

using the vGRF. Of significant academic interest are the first impact peak of the vGRF 

(Fz1) and the loading rate of the vGRF (loading rate). These measures have been used 

as a means to determine soft tissue loading and associated with injury (Hreljac, 2004). 

Both Fz1 and loading rate can be observed in Figure 2.6.1. The peak Fz1 in runners can 

be 1.5 to 3.5 times body weight, and is dependent on running speed, foot strike 

pattern and stride length (Goss and Gross, 2012b). The Fz1 has been proposed to be a 

significant factor in the development of running injuries (Hall et al, 2013). However this 

may only be the case for bony injuries (Milner, Hamill and Davis, 2006), as the 

repetitive loading on cartilage and soft tissue have been found to be within an 

acceptable window for soft tissue remodelling and management (Nigg and Wakeling, 

2001). Also, plantar pressures measurements have been used to measure direct 

loading on the foot and may be linked to foot and ankle injuries (Shorten, 2002).  
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Figure 2.6.1. The vGRF during the stance period of running expressed at body weights 

(BW). The Fz1 and loading rate are determined in the early part of stance. Not listed is 

the active peak (Fz2), characterised by the second, larger peak of the vGRF. Adapted 

from Hobara et al (2012). 

2.6.1.1 Impact Forces 

Impact forces are characterised by high frequency forces transmitted through the foot 

and lower leg over a short duration (Shorten and Mienjtes, 2011). The suggestion that 

impact is related to injury is supported by the reported lack of lower leg injuries in 

cross country skiing and ice skating compared to running (Robbins and Hanna, 1987). 

Bony injuries are now becoming more synonymous with impact characteristics 

(Giandolini et al, 2013b). Increased Fz1 and loading rate are believed to be harmful and 

have been suggested as the primary etiological factor for several injuries including 

plantar fasciitis (Pohl, Hamill and Davis, 2009), patellofemoral pain (Cheung and Davis, 

2011), stress fractures (Milner, Hamill and Davis, 2006; Crowell and Davis, 2011) and 

Osteoarthritis (Hreljac, 2004). However, these relationships are not strong and require 

further research, with perhaps the exception of loading rate and stress fracture risk 

(Zadpoor and Nikooyan, 2011).  

 

Despite leading authors such as Benno Nigg questioning the association between 

impact and injury (Nigg, 2001; Nigg, 2011; Nigg and Enders, 2013), there is some 

evidence that impact forces are a likely cause of tissue damage. For example, Hreljac, 

Marshall and Hume (2000) found that injury free runners had a lower Fz1 and loading 
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rate than injured runners. Likewise, increased impact forces have been related to 

increased injuries in female runners (Zifchock, Davis and Hamill, 2006). However, many 

of the studies in this area are retrospective and there is a lack of high level prospective 

data with respect to the vGRF and injury. One important consideration for impact 

during running is surface hardness, and sporting surfaces have been the attention of 

much development and research for reducing injury. Interestingly, peak impact forces 

have been found to be maintained at regular levels when running on surfaces with 

different mechanical properties (Van Mechelen, 1992; Kerdok et al, 2002; Nigg and 

Yeadon, 1987), most likely due to leg stiffness adaptations to maintain the leg-surface 

system constant (see section 2.2.3 and 2.6.4).  Indeed, a review by Van Mechelen 

(1992) found that surface hardness was not linked to running injuries. Whilst this may 

appear to suggest that changes in forces acting on the lower extremity will be different 

with changes in shoe or surface hardness, it has been noted that runners optimise 

their leg stiffness based on this hardness and therefore maintain a leg-surface system 

constant (see section 2.6.4). Therefore the examination of impact forces with respect 

to surface hardness may not be appropriate.  

 

One kinetic variable that has been associated with the development of stress fractures 

is loading rate which are predominantly of the tibia (about 33-55% of all stress 

fractures), with metatarsal stress fractures accounting for about 15.6% (Milner, Hamill 

and Davis, 2006; Zadpoor and Nikooyan, 2011). Furthermore, runners with a history of 

stress fracture or stress reactions were found to display higher loading rate than 

controls (Davis, Milner and Hamill, 2004). A prospective study by Gallant and 

Pierrynowski (2014) also associated injuries in female runners to higher loading rate 

over a two year period. It is important to note that sub maximal forces on bone do not 

result in bone damage, and can in fact increase bone density and strength via increases 

in cortical bone density, cross sectional area, and bone marrow metabolism (Nigg, 

2010). However, cyclical loading at high rates of force development can result on 

micro-cracks in the bone that will fracture given insufficient time for remodelling (Nigg, 

2010; Zadpoor and Nikooyan, 2011). The ability of bone to resist this cyclical fatigue 

has been found to be significantly reduced at higher loading rates. This would support 
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the meta-analysis of Zadpoor and Nikooyan (2011), that suggested loading rate, and 

not Fz1, are related to stress fractures.   

 

2.6.1.2 Plantar P ressures 

Plantar pressure measurements have become an increasingly popular source of data 

analysis for foot biomechanics and pathologies (Giacomozzi, 2011). This measure can 

provide detailed regional loading properties of the foot, and the region of this loading 

can also influence movement of the entire lower extremity (Rosenbaum and Becker, 

1997). Unnatural or localised pressures underfoot have been related to stress 

fractures, plantar fasciitis, heel spurs, and metatarsalgia (Hennig and Milani, 1995). 

Whilst the GRF is typically used as a measure of impact, this method may be insensitive 

to localised forces (Miller, 1990). Indeed when comparing shoes of various midsole 

hardness, there was no difference in the vGRF variables, but significant changes for 

plantar pressures between footwear types. Harder shoes were found to result in 

reduced heel pressures but increased forefoot loading (Gross and Bunch, 1989; 

Hennig, Valiant and Liu, 1996). However, Hennig and Milani (1995) also found 

correlations between heel pressures and Fz1 (r=0.52), as well as tibial acceleration 

(r=0.76). In addition, plantar pressure measurements with insoles were significantly 

correlated with vGRF data from a force plate, which suggest this is a valid measure of 

άƛƳǇŀŎǘέ ό/ƻǊŘŜǊƻ Ŝǘ al, 2004). In any case, the importance of measuring plantar 

pressures in injury studies is merited either to correlate with other impact data or to 

determine specific foot loading profiles.  

Increases in plantar pressure have been observed as a result of walking barefoot, 

walking at a greater velocity (Burnfield et al, 2004), fatigue following a marathon 

(Nagel et al, 2008), in rigid high arched feet (Chuckpaiwong et al, 2008), but not 

following a submaximal 10km run (Alfuth and Rosenbaum, 2011). Increases in pressure 

as a result of barefoot activity have been related to a reduction in the contact surface 

area (Burnfield et al, 2004). Treadmill running has been associated with lower plantar 

pressures and forces than overground running, and this has important implications for 

dictating results from treadmill research (Hong et al, 2012; Lafortune et al, 1994). Hong 

et al (2012) also found that grass and concrete running resulted in comparable plantar 

values.  
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2.6.1.3 Does Impact Cause Injury?  

A novel paradigm for injury has been presented by Nigg (2001) in which the author 

questions the association between impact and injury. This comprehensive review 

noted that running injures did not decline when running on softer versus harder 

running surfaces, and even suggested that in one case participants with a higher 

loading rate experienced less injuries than those with a low loading rate (Nigg, 1997). 

Nigg (2001) suggested that impact forces may be important for bony development. 

There is a need for higher bone loading in order to maintain or improve bone mass. For 

example the frequency of loads may be important to influence a stress response; a low 

1Hz signal was not sufficient to maintain bone mass over an 8-week period, but 

loading experienced at 15Hz resulted in substantial new bone development (Nigg, 

2001). Increases in bone mass could be explained to 68-81% by the loading rate 

applied; suggesting that impact stimuli can improve bone integrity and that not all 

impact related behaviour should be seen in a negative fashion (Nigg, 2001). Also, the 

impact peak is actually 3-5 times smaller than the active peak, and thus impact forces 

may not be a large factor in running injuries, as opposed to the larger forces 

experienced during the active phase of running on internal joint structures (Nigg, 2001, 

Nigg and Wakeling, 2001; Nigg and Enders, 2013). Whilst the impact period of stance 

can expose the passive structures to high forces, the period is relatively short and the 

forces acting internally during the remaining 66% of stance are actually much higher. 

This may cause more soft tissue damage, in contrast to bony injuries observed in the 

άŎƻƭƭƛǎƛƻƴέ ǇŜǊƛƻŘ ƻŦ ǎǘŀƴŎŜ όbƻǾŀŎƘeck, 1998; Nigg, 2010). In this regard it has been 

suggested that peak forces on the Achilles tendon complex do not occur during the 

initial contact but during mid-to late stance where the powerful contraction of the 

gastrocnemius applies active tensile forces on the tendon (Nigg, 2010). Thus, active 

and not passive forces are much higher for soft tissue compartments and may be a 

large cause of injury (Novacheck, 1998; Nigg, 2010).   Finally, it has been suggested 

that άŜȄŎŜǎǎƛǾŜέ ƛƳǇŀŎǘ ƛǎ ƴƻǘ ŀƴ ƛƴƧǳǊȅ ǊŜƭŀǘŜŘ ŦŀŎǘƻǊ ƛƴ ǊǳƴƴƛƴƎΣ ǎƛƴŎŜ ǊǳƴƴƛƴƎ ȅƛŜƭŘǎ 

impact forces well below any dangerous threshold. Instead, the cyclical loading at a 

high frequency with insufficient recovery periods is more important, which would 

explain the high relationship of volume and frequency of training with injury (Nigg, 

2010). 
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The lack of understanding for the biomechanical mechanisms associated with running 

related injury remains unclear, with no single biomechanical variable identified with 

strong consistent evidence for prediction of running related injury (Tam et al, 2013). 

However, the relationship between impact and injury is not non-existent, with several 

ŀǳǘƘƻǊǎΩ ƛŘŜƴǘƛŦȅƛƴƎ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ƭƻŀŘƛƴƎ ǊŀǘŜ ŀƴŘ ǘƘŜ CȊм ƛƴ ǇŀǊǘƛŎǳƭŀǊ ƘŀǾƛng an 

association with injury in runners. In a review by Hreljac (2005) it was observed that at 

least four published studies have linked higher vertical forces to injured runners 

compared to non-injured runners (Hreljac, 2004). In addition to kinetic forces acting on 

the body, it has been suggested that abnormal kinematics may predispose a runner to 

injury and this is discussed in the next section. 

 

2.6.2 Kinematic Factors and Running Related Injury  

 

Kinematic analysis considers the description of movement and does not take into 

account the forces that cause the movement (Novacheck, 1998). There is limited 

evidence for any kinematic factors being related to injury directly; however 

consideration should be given to the influence of kinematics on kinetic factors, such as 

an increase in stride frequency resulting in reduced vGRF for example (Hobara et al, 

2012). With respect to running many of these changes are related to gait parameters 

that have been influenced and studied in the literature and these will be examined in 

this section. 

2.6.2.1 Gait Changes and their Relationship to Running Related Injury  

Making changes to running technique (gait-retraining) has become a popular 

intervention for runners attempting to reduce the risk of receiving a running related 

ƛƴƧǳǊȅΣ ǿƛǘƘ Ƴŀƴȅ ǇǊƻƎǊŀƳƳŜǎ ƻŦŦŜǊƛƴƎ άƴŀǘǳǊŀƭ ǊǳƴƴƛƴƎ ǘŜŎƘƴƛǉǳŜǎέ όǊǳƴƴƛƴƎ ŦƻǊƳ 

inspired by barefoot movement) as part of this retraining (Gouttebarge and Boschman, 

2013; Lieberman, 2012; Goss and Gross, 2012b). Whilst there is insufficient evidence 

ǘƘŀǘ ŀƴȅ άƴŀǘǳǊŀƭ ǊǳƴƴƛƴƎέ ǘŜŎƘƴƛǉǳŜǎ ƻǊ ǎƛƳǇƭŜ Ǝŀƛǘ-retraining can reduce the risk of 

running related injury (Gouttebarge and Boschman, 2013; Goss and Gross, 2012b; 

Crowell and Davis, 2011), there are significant changes to kinetics and kinematics that 

may have some influence on injury risk. These should be examined in light of the 

mechanics associated with injury discussed above. Crowell and Davis (2011) identify an 
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important point in that any running technique changes will have no meaning unless 

they persist beyond the intervention or training sessions. The retention of the motor 

skill indicates learning and the potential for long term adoption, but based on a 

thorough review of the scientific literature, it is evident that the understanding of long 

term changes to motor skills lacks methodological guidance and will change with each 

specific skill being undertaken. Also, very few retraining studies have investigated 

retention as part of their methodology (Crowell and Davis, 2011). One potential 

method for increasing retention is a graded feedback method, in which participants 

learn to rely on internal queues with less feedback provided each week. This approach 

was used in a study by Crowell and Davis (2011). However, the majority of runners do 

not have a personal coach or access to this kind of expertise or bio-feedback, and so 

this may not apply to the general population. This population may only be provided a 

once off tutorial before attempting to incorporate long term changes. This in itself is 

an important consideration, as these are the runners that may be more susceptible to 

injury. 

Gait-retraining can be broken down into simple popular kinematic changes such as 

increased stride frequency or changes in foot strike patterns, as well as gait-retraining 

άǇŀŎƪŀƎŜǎέ ǎǳŎƘ ŀǎ άth{9έ ƻǊ ά/Ƙƛέ ǊǳƴƴƛƴƎ ǘƘŀǘ ŀǘǘŜƳǇǘ ǘƻ Ǝƭƻōŀƭƭȅ ŀƭǘŜǊ ǊǳƴƴƛƴƎ 

ƳŜŎƘŀƴƛŎǎ ǘƻ ŀ ƳƻǊŜ άƴŀǘǳǊŀƭέ ǇŀǘǘŜǊƴΦ Dŀƛǘ-retraining has also been implemented in 

athletes with specific injuries who used ōƛƻŦŜŜŘōŀŎƪ ǘƻ άŎƻǊǊŜŎǘέ ƻǊ ǊŜŘǳŎŜ ŎŜǊǘŀƛƴ 

movements. It is important to remember that kinematic changes to gait are largely 

interrelated, for example a forefoot strike pattern will result in an increased 

plantarflexion angle, reduced horizontal distance from foot contact to CoM, increased 

stride frequency, decreased stride length, increased knee flexion, and higher triceps 

surae activation (Rothschild, 2012b). Therefore whilst these factors can be considered 

individually, they are very likely to influence one another. The various popular 

interventions are discussed below. 
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2.6.2.2 Stride Frequency and Running Related Injury  

Perhaps one of the most common acute interventions in runners is an increased stride 

frequency (Heidersheit et al, 2011; Hobara et al, 2012; Lenhart et al, 2014; Burkett, 

Kohrt and Buchbinder, 1985). Increasing stride frequency has been suggested to 

reduce the impact forces on the musculoskeletal system (Burkett, Kohrt and 

Buchbinder, 1985). However increasing stride frequency will increase the accumulated 

load due to more ground contacts per unit time which may be a secondary injury 

mechanism (Hall et al, 2013). It has been suggested that the reduction in impact 

variables associated with increases in stride frequency are; 1) changes in the foot 

striking pattern, since an increased stride frequency will reduce step length and result 

in a flatter foot placement; 2) a change in joint angles at initial contact, such as  

increased knee flexion that will reduce the effective mass of these segments; or 3) a 

reduction in the perpendicular distance of foot contact to the CoM, as a result of the 

reduced step length, that may reduce braking forces and the moment arm of the vGRF 

relative to the hip and knee (Hobara et al, 2012).  

It would appear as though a reduction in loading variables with increases in stride 

frequency is consistent in the literature; when frequency was increased to 180-185 

steps per minute, there was a reduction in the peak vGRF, a decrease in joint 

moments, and a reduced ground contact time (Heidersheit et al, 2011). Also, tibial 

acceleration was reduced when participants ran at +20% stride frequency, but not at 

+10% (Hamill, Derrick and Holt, 1995). Similarly, Hobara et al (2012) identified through 

regression analysis that the Fz1 and loading rate during running is minimal at 117-

118% of self-selected stride frequency. Schubert, Kempf and Heiderscheit (2013) in a 

review identified a reduction in peak vGRF, vertical oscillation, and tibial accelerations 

with increases in stride frequency. Increases in stride frequency will also reduce stride 

length, reducing the distance from the CoM to the point of foot contact, and this can 

reduce levers and internal forces acting on joints during running (Nigg and Enders, 

2013). 

A simulation study found that the risk of tibial stress fracture increased with running 

mileage, but a +10% stride frequency can significantly reduce this risk (Edwards et al, 

2009). This result rejected the hypothesis that increases in stride frequency would 

increase impacts per unit time potentially increasing the risk of developing a running 
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related injury. This was however a simulation model and requires further examination 

in vivo.  

Lenhart et al (2014) recently compared leg internal muscle forces and joint loads 

during 90, 100, and 110% preferred step rate, the authors found that adopting a 110% 

stride frequency reduced peak patellofemoral joint forces by 14%, as a result of a 

reduction in peak stance knee flexion. Likewise a +10% stride frequency was found to 

increase energy absorption at the knee and hip (Heiderscheit et al, 2011). Hip, knee, 

and ankle extensor forces, as well as hip adduction force was also significantly lower at 

the higher stride rate (Lenhart et al, 2014). Muscle activation patterns have been 

found to increase in late swing with a higher stride frequency, suggesting an actively 

induced muscle contraction sequence to bring the foot back under the centre of mass 

with higher step frequencies (Chumanov et al, 2012). This strategy also increases 

activation of gluteus Maximus and Medius that may be important for treatment of 

anterior knee pain (Chumanov et al, 2012). This section highlights the potential for 

increases in stride frequency to influence loading of the lower extremity and this 

should be examined with respect to changes related to footwear. 

2.6.2.3 Foot Strike Patterns and Running Related Injury  

The landing pattern during running has been the subject of much debate in the 

literature with regards to injury. The foot strike pattern is dependent on multiple 

factors not limited to footwear type, surface hardness, velocity, inter-individual subject 

variation (Nigg and Enders, 2013), and environmental habituation (Lieberman et al, 

нлмнύΦ ¢ƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ǘƻŘŀȅΩǎ ǎƘƻŘ ŜƴŘǳǊŀƴŎŜ ǊǳƴƴŜǊǎ ƘŀǾŜ ōŜŜƴ ŦƻǳƴŘ ǘƻ ƛƳǇƭŜƳŜƴǘ 

a rearfoot strike pattern during running (75% - Hasegawa, Yamauchi and Kraemer, 

2007; 89% - Larson et al, 2011; 98% - Bertelsen et al, 2012; 95% - De Almeida et al, 

2014), and so most data on injury rates in runners should take this into account. This is 

particularly relevant since the vast majority or runners today wear CRS. Before 

examining how changes in foot strike pattern can influence injury in runners, one must 

first understand why different foot strike patterns occur; 

The foot striking pattern has been found to be influenced by a number of factors 

including; 
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1) Running velocity ς There appears to be a higher prevalence of forefoot or 

midfoot strikers in faster runners (Hasegawa, Yamauchi and Kraemer, 2007; 

Kasmer et al, 2013; McCallion et al, 2014).  

2) Shoe/surface hardness - Harder surfaces have been found to result in runners 

adapting their foot strike pattern to a higher prevalence of mid or forefoot 

striking compared to a soft surface (Gruber et al, 2013b). This may be a means to 

reduce localised pressures as the heel in order to prevent direct impact to the 

calcaneus and reduce high localised pressures in this area (De Wit, De Clerq and 

Aerts, 2000; Hennig and Milani, 1995; Squadrone and Gallozzi, 2009; Hennig, 

Valiant and Liu, 1996) or to change the leg geometry to attenuate higher impact 

transients observed with a rearfoot strike pattern on hard surfaces (Lieberman et 

al, 2010). 

Examples of this effect are clear when barefoot and CRS running are compared. 

Barefoot runners have been found to rearfoot strike on a soft surface and adopt 

a forefoot strike pattern on a hard surface (Hamill et al 2011b; Gruber et al, 

2013b). The reason runners may adopt a rearfoot strike pattern on soft surfaces 

may be to reduce metabolic cost as discussed earlier (see section 2.2.2.2). 

Likewise a different group of runners did not change their foot strike pattern on 

a harder surface when in CRS, but consistently adopted a forefoot strike pattern 

when barefoot (Hamill et al, 2011a). The same was apparent in Kurz and Stergiou 

(2004), in which all shod rearfoot striking participants adopted a forefoot strike 

pattern when barefoot on a hard surface. 

It is important to note that whilst most runners will adopt a mid or forefoot 

strike pattern when barefoot on a hard surface, this does not happen as a rule 

and often runners will continue to rearfoot strike on hard surfaces (Lieberman et 

al, 2010; Williams et al, 2012). If runners do not adopt a non-rearfoot strike 

pattern when barefoot or in MFW they may experience higher impact forces 

(Lieberman et al, 2010). Several authors have found runners to not change their 

foot striking pattern when running in MFW. Willson et al (2014) found only 3 

participants changed their foot strike pattern to a non-rearfoot strike following a 

two week training period in MFW. The majority of participants (14 out of 17) 
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simply kept the same foot strike pattern as observed at pre-tests (rearfoot strike 

pattern = 71%) which was similar to those reported in McCarthy et al (2013). 

Researchers have suggested that pervious shod running experience was the 

primary determinant of the foot striking pattern (Willson et al, 2014) since this 

pattern may be a learned effect engrained in the neuromuscular system over 

years of running activity (Sinnatamby, 2011). In a study by Lieberman et al 

(2010), 12% of habitual barefoot runners from Kenya were found to adopt a 

rearfoot strike pattern in Lieberman et al (2010) and 33% habitually shod 

participants were found to display a non-rearfoot strike pattern when running 

barefoot for the first time (Cheung, 2013). Likewise, 77% of runners adopted 

their shod rearfoot strike pattern to a non-rearfoot strike when running barefoot 

in Nunns et al (2013) and 100% did so in Hein and Grau (2014).  In a review, Hall 

et al (2013) found varied responses to changes in foot strike patterns between 

barefoot and CRS running, and this factor seems to be largely determined by 

habituation to the footwear condition prior to testing that remains to be 

examined in depth. 

 

3) Long term environmental factors - Lieberman et al (2010) found a significantly 

greater prevalence of forefoot striking in a group of habitual barefoot Kenyans 

when compared to habitually shod matched runners. The authors suggested that 

this presented a chronic tactic for reducing impact forces that is characterised by 

experience running barefoot over a number of years (Lieberman et al, 2010). This 

history of running activity may be an important mediator in selection of a foot 

strike pattern due to surface and footwear. This may be true in running 

populations, however Hatala et al (2013) investigated a habitually barefoot 

Daasanach tribe in Kenya who are not known runners and observed a large 

proportion of rear foot striking on a clay surface (72%). The authors did note 

however that their running velocity was much slower than that of Lieberman et 

al (2010). This higher velocity in Lieberman et al (2010) may have influenced the 

results, resulting in a higher prevalence of forefoot striking (Hasegawa, Yamauchi 

and Kraemer, 2007). 
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Different foot strike patterns have been suggested to load the lower body joints in 

different ways, and may not always be a positive change to kinematics (Lieberman et 

al, 2010; Kirby and McDermott, 1983; Almonroeder, Willson and Kernozek, 2013; 

Kulmala et al, 2013). One must consider the impact forces acting on the body but also 

the internal joint forces with changes in the foot strike pattern. 

Impact Forces and the Foot Strike Pattern 

Changes in the foot strike pattern have been recognised as an important factor in the 

attenuation of the Fz1 and loading rate during foot contact with the floor. This is 

because a forefoot strike pattern will reduce effective mass and lengthen the time it 

takes to decelerate the body to zero by increased ankle excursion (Nigg, 2010). Indeed, 

much of the research looking at vGRF variables has confirmed this theory. Adopting a 

forefoot or mid foot strike pattern has been found to decrease the Fz1, as well as 

loading rate by between 15-33% (Lieberman et al, 2010; Divert et al, 2005b; De Wit, De 

Clerq and Aerts, 2000). Likewise Fz1 was found to be 26% lower, and loading rate was 

47% lower when adopting a forefoot strike pattern in Kulmala et al (2013). In some 

cases, a non-rearfoot strike pattern has also resulted in the complete absence of an 

impact peak (Altman and Davis, 2011a; Dickinson et al, 1985; Lieberman et al, 2010; 

Giandolini et al, 2013a; Nilsson and Thorstensson, 1989; Cavanagh and Lafortune, 

1980). However for the many participants that do not adopt a forefoot or midfoot 

strike pattern with changes in shoe or surface hardness, a significant increase in 

loading rate can occur, particularly when barefoot or in MFW (Willson et al, 2014; Shih, 

Lin and Shiang, 2013; De Wit, De Clerq and Aerts, 2000). This has been illustrated in 

Figure 2.6.2.3. How the impact forces are changed with respect to familiarisation to 

footwear remains to be determined and will be an important element of this research 

project.  
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Figure 2.6.2.3. The vertical ground reaction force when adopting a rearfoot strike 

pattern with the foot bare, and the foot shod. Adapted from De Wit, De Clerq and Aerts 

(2000). 

 

Internal Forces and the Foot Strike Pattern. 

It is important to remember that any changes to running technique will result in a shift 

of internal loads to different structures that may present a risk for injury (Nigg, 2010).   

For example, internal ankle joint forces remain the same in both a forefoot and 

rearfoot strike pattern (3.0BWs), but there is an increased Achilles tendon force with a 

forefoot strike pattern (+2.5BWs), and increased tibialis anterior force with a rearfoot 

strike pattern (+1.5BWs; Nigg, 2010).   

It would appear as though adopting a rearfoot strike pattern can have implications for 

increased risk of knee injuries, and adopting a forefoot strike pattern can potentially 

increase the risk of ankle and Achilles tendon injuries; A rearfoot strike pattern has 

been found to increase knee external work (Arendse et al, 2004), patellofemoral and 

tibio-femoral compressive forces (Kerrigan et al, 2009; Braunstein et al, 2010), 

patellofemoral stress and knee frontal plane moments (Kulmala et al, 2013). Arendse 

et al (2004) also demonstrated that a forefoot strike pattern resulted in lower 

eccentric quadriceps work during the braking phase compared to a rearfoot strike 

pattern, suggesting that a rearfoot strike pattern is a potentially dangerous movement 

for knee load. In contrast, a forefoot strike pattern has been suggested to increase the 
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plantar-flexor moment and Achilles tendon load and may predispose forefoot strike 

runners to Achilles tendinopathies (Kirby and McDermott, 1983; Almonroeder, Willson 

and Kernozek, 2013; Kulmala et al, 2013). Almonroeder, Willson and Kernozek (2013) 

examined Achilles tendon load during running with the adoption of a forefoot and 

rearfoot strike pattern and found that there was a 15% increase in Achilles tendon 

ƭƻŀŘƛƴƎ ǊŀǘŜΣ мм҈ ƎǊŜŀǘŜǊ !ŎƘƛƭƭŜǎ ǘŜƴŘƻƴ ƛƳǇǳƭǎŜ ǇŜǊ ǎǘŜǇΣ ŀƴŘ птΦт .²Ωǎ ƻŦ ƭƻŀŘ ŦƻǊ 

each mile ran when adopting a forefoot strike pattern in the bare feet compared to a 

rearfoot strike pattern (Almonroeder, Willson and Kernozek, 2013), although these 

differences were not statistically significant. In further support of this notion, Kulmala 

et al (2013) found increased ankle plantar flexor and Achilles tendon loading in an 

experienced forefoot striking group when compared to an experienced rearfoot 

striking group (Kulmala et al, 2013).  

To further elaborate, Shih, Lin and Shiang (2013) observed a higher degree of pre-

activation and stance phase activity of gastrocnemius when runners adopted a FFS 

irrespective of whether the runners were shod or in their bare feet, that suggests 

higher mechanical work on this muscle group. This could be considered beneficial in 

the long term due to higher musculo-skeletal strength, but dangerous in the short 

term (Shih, Lin and Shiang, 2013). As a further note, outside of considerations for the 

knee and ankle, arch strain was higher with a forefoot strike pattern than a rearfoot 

strike pattern when barefoot (Perl, Daoud and Lieberman, 2012), and this may have 

implications for foot injuries during any transition to a forefoot strike pattern in 

runners. However to date this relationship has not been examined in the scientific 

literature.   

¢ƘŜ ά¢ƻŜ {ǘǊƛƪŜέ tŀǘǘŜǊƴΣ ŀ CƻǳǊǘƘ Cƻƻǘ {ǘǊƛƪƛƴƎ tŀǘǘŜǊƴΦ 

Whilst most researchers discuss the differences in three different types of foot strike 

pattern (rearfoot, midfoot, forefoot), there is also a distinct fourth strike type, the toe 

strike pattern, in which runners heels do not contact the ground following initial 

contact on the forefoot (Nunns et al, 2013). This style was also described in Lieberman 

(2012) but has yet to receive significant attention in the literature. A recent large 

military study (n=1065) examined foot strike pattern type in habitually shod runners 

when running barefoot and clearly identified these four different strike patterns. The 

groups where then randomly balanced to have the same numbers in each before the 
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researchers examined kinematic and kinetic parameters (Nunns et al, 2013). There was 

a significantly higher plantar flexor moment observed in toe strike pattern group 

compared to all others, which gives credibility to the suggestion that a toe strike 

pattern is important to differentiate from a forefoot strike pattern. As one might 

expect, significantly higher regional pressures were observed in the first and second 

metatarsal heads during a forefoot and toe strike pattern, with higher heel pressures 

in the rearfoot strike group compared to the other strike pattern types. The reason 

that the toe strike pattern may not be considered in many other studies is the rarity of 

this occurring (Daoud et al, 2012). It is also possible that some runners adopt an 

asymmetrical foot strike pattern, which has been observed in 1.8% of novice male 

runners (Bertelsen et al, 2013).  

The Foot Strike Pattern and Running Related Injury 

Whilst several authors have suggested that the change into a forefoot strike pattern 

can increase joint forces (see above), Daoud et al (2012) did not find any increase in 

Achilles tendinopathies, foot pain or metatarsal stress fractures in collegiate distance 

runners who ran with a forefoot strike pattern when compared to rearfoot striking 

ǘŜŀƳƳŀǘŜǎΦ ¢ƘŜ ŀǳǘƘƻǊǎ ŘƛŘ ƘƻǿŜǾŜǊ ŦƛƴŘ ƳƻǊŜ άƛƳǇŀŎǘέ ǊŜƭŀǘŜŘ ƛƴƧǳǊƛŜǎ ƛƴ ǘƘŜ 

rearfoot strike pattern group (Daoud et al, 2012). In fact, the adoption of a forefoot 

strike pattern in cross country runners during a competitive season was found to 

significantly reduce injury risk as much as 2.5 times (Daoud et al, 2012), and 

significantly reduce the risk of developing a running related injury in a separate study 

(Goss and Gross, 2012a). Likewise, adopting a forefoot strike pattern has resulted in 

decreased anterior compartment pressures when compared to a rearfoot strike 

pattern (Diebal et al, 2012). In this study, forefoot strike running dramatically reduced 

pain and disability associated with chronic exertional compartment syndrome. The 

authors used a six week training period of adopting a forefoot strike pattern and 

observed reduced impact kinetics, increased running distance (by over 300%), reduced 

pain and most significantly, they prevented all of the participants receiving a surgical 

intervention for the injury. Clearly in this case, anterior lower leg injuries will benefit 

significantly from this type of intervention. It is also worth noting that whilst most 

studies suggest a forefoot strike increases the plantar flexor moment and Achilles 

tendon loads (Kirby and McDermott, 1983; Almonroeder, Willson and Kernozek, 2013; 
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Kulmala et al, 2013), no prospective studies have identified an increase in Achilles 

tendon or triceps surae injuries as a result of this modification.  

2.6.3 Gait-retraining Models  

 

One popular gait-ǊŜǘǊŀƛƴƛƴƎ ƳŜǘƘƻŘ ƛǎ άtƻǎŜέ ǊǳƴƴƛƴƎΣ ǿƘƛŎƘ ŎƘŀǊŀŎǘŜǊƛǎŜǎ ŀ άmidfoot 

to forefoot strike pattern, minimal ground contact time, and a picking up of the feet 

with no pushing forcefully off the floorέ όDƻǎǎ ŀƴŘ DǊƻǎǎΣ нлмнōΣ ǇǇ соύΦ άtƻǎŜέ ǊǳƴƴƛƴƎ 

has been found to increase stride frequency and knee flexion at initial contact, as well 

as reduce stride length, knee eccentric work, vertical oscillation, ground contact time, 

ŀƴŘ ƘƻǊƛȊƻƴǘŀƭ ŘƛǎǘŀƴŎŜ ŦǊƻƳ ǘƘŜ /ƻa ǘƻ ǘƘŜ Ǉƻƛƴǘ ƻŦ Ŧƻƻǘ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ŦƭƻƻǊ όάƻǾŜǊ 

ǎǘǊƛŘƛƴƎέύ ό5ŀƭƭŀƳ Ŝǘ ŀƭΣ нллрΤ CƭŜǘŎƘŜǊΣ 9ǎŀǳ ŀƴŘ aŀŎLƴǘƻǎƘΣ нллуΤ !ǊŜƴŘǎŜ Ŝǘ ŀƭΣ 

нллпύΦ [ƻŀŘƛƴƎ ǊŀǘŜ ŀƴŘ CȊм ǿŜǊŜ ŀƭǎƻ ǊŜŘǳŎŜŘ ǿƛǘƘ ŀ άtƻǎŜέ Ǌunning intervention 

(Arendse et al, 2004) However the same intervention was found to increase eccentric 

work at the ankle (Dallam et al, 2005). 

 {ƛƳƛƭŀǊ ǘƻ άtƻǎŜέ wǳƴƴƛƴƎΣ ά/Ƙƛέ ǊǳƴƴƛƴƎΣ ōŀǎŜŘ ƻƴ ǘƘŜƻǊƛŜǎ ƻŦ ƳƻǾŜƳŜƴǘ ŦǊƻƳ ¢ŀƛ /Ƙƛ 

όƛƴŎƻǊǇƻǊŀǘƛƴƎ άa midfoot strike pattern, a forward lean and shorter more relaxed 

stridesέΤ Dƻǎǎ ŀƴŘ DǊƻǎǎ нлмнōΣ ǇǇ соύ ƛǎ ŀƭǎƻ ǇƻǇǳƭŀǊ ǿƛǘƘ ǊǳƴƴŜǊǎΦ ! ά/Ƙƛέ ǊǳƴƴƛƴƎ 

intervention was compared to a normal group of rearfoot striking runners by Goss and 

Gross (2013). Again, stride frequency was found to increase (180 in the RFS group vs. 

185 in Chi runners), as was the degree of plantar-flexion at initial contact. With regard 

to impact characteristics, braking forces (the horizontal component) and loading rate 

were found to be lower (62% and 37% respectively) in the Chi running group. Joint 

ǿƻǊƪ ǿŀǎ ŀƭǎƻ ŜȄŀƳƛƴŜŘΣ ŀƴŘ ǘƘŜ ά/Ƙƛέ ƎǊƻǳǇ ŘƛǎǇƭŀȅŜŘ ƳƛƴƛƳŀƭ ƪƴŜŜ ŜȄǘŜƴǎƻǊ 

eccentric work but an increase in ankle negative work compared to the control. Thus, 

this method of gait re-training may reduce load in the quadriceps and tibialis anterior, 

but increase the workload of the triceps surae (Goss and Gross, 2013). However, whilst 

ǘƘŜǎŜ ŎƘŀƴƎŜǎ ǿƛǘƘ ōƻǘƘ άtƻǎŜέ ŀƴŘ ά/Ƙƛέ ǊǳƴƴƛƴƎ ǎǳƎƎŜǎǘ ŀ ǇƻǘŜƴǘƛŀƭ ǊŜŘǳŎǘƛƻƴ ŦƻǊ 

injury, there is as yet no strong scientific evidence that this is the case (Goss and Gross, 

2012b). 

Other methods have been adopted in the research. Gait-retraining using a feedback 

ƳŜǘƘƻŘ ƻŦ ƛƴǎǘǊǳŎǘƛƴƎ ǇŀǊǘƛŎƛǇŀƴǘǎ ǘƻ άǊǳƴ ǎƻŦǘŜǊέ ŀƴŘ άǉǳƛŜǘŜǊέΣ ŀǎ ǿŜƭƭ ŀǎ ƪŜŜǇƛƴƎ 
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tibial accelerations low with visual feedback was found to be effective at reducing 

loading rate, Fz1 and tibial acceleration (Crowell and Davis, 2011). ¢Ƙƛǎ άōƛƻ-ŦŜŜŘōŀŎƪέ 

method (that involves runners receiving real time feedback on a specific parameter 

that they are trying to change), resulted in greater independence within participants 

and as a result the 4 week follow up also displayed the same reduced values. This may 

be important for future prescription of gait-retraining, modelled around creating an 

environment in which the participant can actively work on correcting their own 

technique in combination with a faded feedback method to increase retention. 

Interestingly in this study, the bio-feedback was found to be more successful in 

reducing these loading variables than changing footwear, using orthoses or shock 

absorbing insoles (Crowell and Davis, 2011). Verbal and visual feedback using pre-

recorded instructions and visual aids was also found to be a feasible method of 

influencing the running pattern, but kinetics and kinematics were not measured in this 

study (Eriksson, Halvorsen and Gullstrand, 2011). Other gait-retraining studies 

specifically looking at changing parameters suspected to be related to running related 

injury can be found in Table 2.6.3. These studies highlight the success of gait-retraining 

for the improvement in pain and function of specific injuries using simple gait-

retraining. 
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Table 2.6.3. Gait-retraining interventions for treatment of specific injuries in running.  

Author(s) Description Injury Kinematic change Result 

Willy, Scholz 

and Davis, 

2012 

Mirror and 

verbal gait-

retraining for 

hip mechanics 

ς 8 graded 

sessions 

Patellofemoral 

pain syndrome 

Reduced hip 

adduction, pelvic 

drop, hip adduction 

moment.  

Improvements 

in pain and 

function 

Noehren, 

Scholz and 

Davis, 2011 

Real time 

feedback for 

hip adduction ς 

8 graded 

sessions 

Patellofemoral 

pain syndrome 

Reduced hip 

adduction, hip 

internal rotation, 

NB- ~20% reduction 

in loading rate also. 

Improvements 

in pain and 

function 

 

Cheung and 

Davis, 2011 

Modification of 

a rearfoot 

strike to a non-

rearfoot strike 

pattern over 8 

sessions 

Patellofemoral 

pain syndrome 

Between 10 and 

35% reductions in 

Fz1 and loading rate 

Improvements 

in pain and 

function 

 

Davis, 2005 Case studies 

advocating the 

use of gait-

retraining to 

reduce injury 

Plantar 

fasciitis, 

Patellofemoral 

pain syndrome 

(PFPS) 

High tibial 

shock 

 

Plantar fasciitis ς 

reduced hip internal 

rotation and 

adduction. Reduced 

knee abduction. 

PFPS ς reduction in 

hip internal rotation 

High tibial shock -

reduced with 

biofeedback of tibial 

acceleration 

All symptoms 

reduced 

 

A novel intervention implementing the use of a lightweight racing flat, increased stride 

frequency (+10%) and a midfoot strike pattern was undertaken by Giandolini et al 

(2012) in order to examine impact characteristics (loading rate, Fz1, time to Fz1). Only 

a midfoot strike pattern and the combination of all three factors were found to 
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completely eliminate the impact peak, in contrast to just the racing flat, +10% stride 

ŦǊŜǉǳŜƴŎȅΣ ƻǊ ǘƘŜ ǇŀǊǘƛŎƛǇŀƴǘΩǎ ƴƻǊƳŀƭ ǊǳƴƴƛƴƎ Ǝŀƛǘ ƛƴ /w{Φ [ƛƪŜǿƛǎŜ ƭƻŀŘƛƴƎ ǊŀǘŜ ǿŀǎ 

reduced in both the midfoot strike pattern and with all factors combined, but was not 

significantly affected by the racing flat or the +10% stride frequency. These results 

support the notion that a non-rearfoot strike pattern is the most effective way of 

reducing impact variables during running (Lieberman et al, 2010). However, a further 

study by Giandolini (2013) implementing a low drop footwear (4mm) or a midfoot 

strike pattern over three months was found to have no effect on loading rate. The 

authors concluded that the attempt to change from a rearfoot to a midfoot strike 

pattern had no effect on impact characteristics, or magnitude of acceleration at the 

heel, metatarsals and tibia.  The low drop footwear did result in a reduction in heel 

acceleration and shock wave propagation between the heel and the tibia after three 

months suggesting that a low drop shoe is more effective than attempting to midfoot 

strike in this case. However, a major limitation to this study is that the participants had 

limited feedback for the adoption of the midfoot strike pattern and both groups 

actually retained a rearfoot strike pattern for the duration of the testing. This would 

explain the differences in this study compared to their previous work. 

A review by Gouttebarge and Boschman (2013) identified only seven studies that 

focused on enhancement of the running technique. These studies adopted the use of 

increased stride frequency, a non-ǊŜŀǊŦƻƻǘ ǎǘǊƛƪŜ ǇŀǘǘŜǊƴΣ ǘƘŜ άtƻǎŜέ ŀƴŘ ά/Ƙƛέ ƳŜǘƘƻŘ 

of running, visual feedback of tibial accelerations, and visual and verbal feedback on 

technique, as we have discussed above. However, none of these studies examined if 

the relevant changes were maintained over a prolonged period of time (more than a 

month). More importantly, none of these gait-retraining elements have been 

examined prospectively in regard to running related injury. Therefore, there is no 

evidence that gait-retraining can reduce injury in runners. Gouttebarge and Boschman 

(2013) also highlight potential barriers with the uptake of these methods over time, 

ƛƴŎƭǳŘƛƴƎ άlack of patience, self- discipline, motivation, or concentration, and the 

running technique being too extensive to learnέ όDƻǳǘǘŜōŀǊƎŜ ŀƴŘ .ƻǎŎƘƳŀƴΣ нлмоΣ ǇǇ 

16), that need to be taken into account when considering the long term application of 

gait-retraining. 
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Again, changes to the running gait are controlled by the neuromuscular system and 

this should be discussed with respect to injury. 

2.6.4 Neuromuscular C ontrol and Running Related Injury  

 

Whilst a high loading rate has been implicated in the development of bony injuries, the 

understanding of soft tissue injury, or impact in general still remains to be determined 

(Nigg, 1997). It is clear from the literature review above that overuse and 

biomechanical misalignment may be important in soft tissue injury, but key variables 

related to injury in these tissues is unclear and warrants further investigation. Nigg and 

Wakeling (2001) proposed a muscle tuning paradigm, in which soft tissue vibrations 

may be involved in tissue injury, and muscle co-contraction or pre-contraction is a self-

optimising tactic to limit soft tissue vibration during impact. Tissue vibrations have 

been associated with muscle necrosis (Nigg, 2010), but this theory lacks considerable 

evidence for soft tissue injury. Enders, Von Tscharner and Nigg (2013) examined tissue 

vibration properties in runners utilising different foot strike patterns, and concluded 

that the preferred movement pattern exhibited the lowest damping coefficient, and 

that preferred movement patterns should play a much more important role in the 

ŘŜōŀǘŜ ŀōƻǳǘ ǿƘŀǘ ƛǎ άŎƻǊǊŜŎǘέ ŦƻǊ ƘǳƳŀƴ ƳƻǾŜƳŜƴǘ ŀƴŘ ƛƴƧǳǊȅ όEnders, Von 

Tscharner and Nigg, 2013). This is an important concept, because self-optimisation of 

biological systems could be independent of foot strike pattern and/or footwear, and 

instead be due to neuromuscular control. 

As discussed previously, an important component of neuromuscular control is 

stiffness. In contrast to the potential benefits of higher stiffness to RE, any increase in 

ƭŜƎ ǎǘƛŦŦƴŜǎǎ ǿƛƭƭ ǊŜŘǳŎŜ ǘƘŜ ŎƻƳǇƭƛŀƴŎŜ ƻŦ ǘƘŜ άƭŜƎ ǎǇǊƛƴƎέ ŀƴŘ ǊŜǎǳƭǘ ƛƴ ƘƛƎƘŜǊ loading 

rate and impact accelerations, due to less limb excursion and increased effective mass 

(Derrick, 2004). Increased Fz1, loading rate and segment accelerations have been 

suggested to increase the risk of developing a bony injury (e.g., Grimston et al, 1991; 

Davis, Milner and Hamill, 2004). For example, knee stiffness was found to be higher in 

a group of tibial stress fracture participants when compared to a control, and this was 

believed to result in higher loading rate and tibial shock (Milner, Hamill and Davis, 

2007). High arched runners who also displayed increased leg stiffness were more likely 

to receive bony injuries (Williams et al, 2004), that would support this concept. At the 
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other end of the spectrum, too little stiffness will possibly increase joint movements 

and reduce control of the structure that may increase the chance of soft tissue injuries 

(Williams, McClay and Hamill, 2001). In support of this theory, Granata, Padua and 

Wilson (2002) suggested that the well documented increase in knee ligament injuries 

in women correlated with a decrease in leg stiffness in this gender. Likewise, low 

arched runners with lower leg stiffness suffered more soft tissue injuries than their 

stiffer counterparts (Williams, McClay and Hamill, 2001). Based on these findings it 

appears that there may be ŀƴ άƻǇǘƛƳŀƭέ ǎǘƛŦŦƴŜǎǎ ƻŦ ǘƘŜ ƭƻǿŜǊ ōƻŘȅ ǘƘŀǘ ƛǎ neither 

excessively high nor low, but this remains to be established. 

How kinematic, kinetic and neuromuscular factors can be influenced by gait-retraining 

can present an interesting dataset on the running gait and injury. Gait-retraining will 

be discussed in the next section. 

2.7 The Inf luence of Footwear on Injury and Running Biomechanics  

 

In the 19улΩǎ ŀƴŘ 19флΩǎΣ {ǘŜǾŜƴ wƻōōƛƴǎ ŀƴŘ Ƙƛǎ ǊŜǎŜŀǊŎƘ ƎǊƻǳǇ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ 

habitually barefoot populations are less likely to experience injury than shod 

counterparts, based on a multitude of anecdotal personal correspondence and reports 

on habitually shod and barefoot humans in Haiti and north America (Robbins and 

Hanna, 1987)Φ Lƴ ŎƻƴǘǊŀǎǘΣ ƛƴƧǳǊƛŜǎ ǿŜǊŜ ǊŜǇƻǊǘŜŘ ōȅ ǇǊŀŎǘƛǘƛƻƴŜǊǎ ƛƴ άŀƭƳƻǎǘ ŜǾŜǊȅ 

ǎƘƻŜ ƳƻŘŜƭ ŀǾŀƛƭŀōƭŜέ όwƻōōƛƴǎ and Hanna, 1897), suggesting that variation in modern 

CRS was not a successful attempt to prevent running related injury. The authors did 

not receive any communication of a high injury frequency in barefoot populations. At 

ǘƘƛǎ ǘƛƳŜΣ ǘƘŜ άƳƛƴƛƳŀƭƛǎǘέ ǎƘƻŜ ƳŀǊƪŜǘ ǿŀǎ ƴƻǘ ƛƴ ǇƭŀŎŜ ŀƴŘ ǎƻ ŎƻƳǇarisons cannot be 

made to MFW. There are several limitations to this research that should be taken into 

account, firstly the rural barefoot populations in question may not have access to 

professional injury clinics and so these injuries may not be reported. The second is the 

lack of any robust academic approach to the reporting of these reduced injury rates in 

barefoot populations. However this observation has recently been reported again with 

άƳŀƴȅ ŀǳǘƘƻǊǎ ŀƴŘ ŎƭƛƴƛŎƛŀƴǎ ŦŀƳƛƭƛŀǊ ǿƛǘƘ ǇƻŘƛŀǘǊƛŎ ƳŜŘƛŎƛƴŜ ǊŜport[ing] that the foot 

ŀƛƭƳŜƴǘǎ ŎƻƳƳƻƴƭȅ ǎŜŜƴ ƻƴ ǘƘŜ ǎƘƻŘ ǇƻǇǳƭŀǘƛƻƴ ŀǊŜ ŀōǎŜƴǘ ƛƴ ōŀǊŜŦƻƻǘ ǇƻǇǳƭŀǘƛƻƴǎέ 

(Gallant and Pierrynowski, 2014, pp 217). In addition,  Aibast et al (2012) found only 

8% of habitually barefoot rural Kenyan runners were injured during a one year follow-
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up compared to 61% weight matched shod controls in the same country, and so this 

early claim is not unfounded in evidence.  

Robbins and colleagues (1987, 1988, 1989, 1993) went on to publish more data 

supporting their άǇƭŀƴǘŀǊ ǎŜƴǎŀǘƛƻƴέ ƘȅǇƻǘƘŜǎƛǎΣ ƛƴ ǿƘƛŎƘ ŀ ǊŜŘǳŎǘƛƻƴ ƛƴ ŦŜŜŘōŀŎƪ ǘƻ 

ǘƘŜ ƴŜǳǊƻǊŜŎŜǇǘƻǊǎ ƻŦ ǘƘŜ ǇƭŀƴǘŀǊ ǎǳǊŦŀŎŜ ŎŀǳǎŜ άƴŜǳǊƻǇŀǘƘƛŎέ ōŜƘŀǾƛƻǳǊΣ 

characterised by a reduction in feedback-mediated impact-attenuation tactics 

(Robbins and Hanna, 1987; Robbins, Hanna and Jones, 1988; 1989; 1993). This plantar 

sensation hypothesis is supported by the work of Magnusson et al (1990) where the 

authors used hypothermia of the feet to reduce feedback of the mechanoreceptors of 

the glabrous epithelium and observed increased body sway when sensory feedback 

was impaired. Thus postural control in humans is largely dictated by plantar feedback 

(Magnusson et al, 1990). In addition, changes in foot sensation through direct icing 

was found to significantly alter muscle firing patterns and plantar pressures, which 

would support this theory (Nurse and Nigg, 2001). Since the foot is the first and only 

point of contact with the floor during running, its importance in the regulation of gait 

cannot be ignored. Kurz and Stergiou (2003) found much greater joint variability when 

barefoot compared to shod, and suggested that the increased sensation when 

barefoot led to more specific surface responses, greater muscle activation, and 

increased reactions to surfaces when compared to the shod condition, of which only 

responded to major variations (Kurz and Stergiou, 2003). Many of these surface 

responses have also been noted in MFW and this can be observed in Table 2.7.3, 

ƘƻǿŜǾŜǊ ǘƘƛǎ ǿƛƭƭ ŘŜǇŜƴŘ ƻƴ ǘƘŜ ŘŜƎǊŜŜ ƻŦ άƳƛƴƛƳŀƭƛǎǘέ ŀǎǎƻŎƛŀǘŜ ǿƛǘƘ ǘƘŜ ǎƘoe in 

question. Differences in landing strategies due to important proprioceptive feedback 

when barefoot and in MFW were identified in comparison to reduced feedback in CRS, 

as a result of the thick cushioned outsole (Robbins and Hanna, 1987; Robbins, Hanna 

and Jones, 1988; Fiolkowski et al, 2005; Squadrone and Gallozzi, 2009). Therefore it 

could be suggested that CRS can potentially insulate sensory feedback and motor 

control during running that may have a significant influence on the running pattern, 

and many MFW are suggested to improve this feedback through thinner outsoles and 

a more flexible design (Lussiana et al, 2013). 

More recently, Lieberman (2010) characterised differences in landing strategies and 

impact forces in habitually barefoot vs habitually shod populations, and suggested that 
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impact attenuation tactics were enhanced when the foot was bare. As an evolutionist, 

Lieberman speculated that the bare foot provides an optimal level of sensory feedback 

and landing control that is a direct result of thousands of years of barefoot activity, and 

that this presents a means to re-introduce more natural movement (Lieberman, 2012). 

According to Gallant and Pierrynowski (2014) there are three proposed benefits to the 

barefoot running theory: 1) a decrease in foot atrophy and increased foot function, 2) 

ƛƴŎǊŜŀǎŜŘ ǇǊƻǇǊƛƻŎŜǇǘƛǾŜ ŦŜŜŘōŀŎƪΣ ŀƴŘ оύ ŀ ǊǳƴƴƛƴƎ Ǝŀƛǘ ǘƘŀǘ ƛǎ άƴŀǘǳǊŀƭέ ŎƻƳǇŀǊŜŘ ǘƻ 

that in CRS. These claims have also been proposed in MFW but have been widely 

regarded as anecdotal, and indeed much more strong evidence is required to make 

any substantial conclusions. However, there are several interesting pieces of research 

ǘƘŀǘ ǎǳǇǇƻǊǘ ǘƘƛǎ άōŀǊŜŦƻƻǘ ǘƘŜƻǊȅέ ŀƴŘ ǎƘƻǳƭŘ ōŜ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘΦ For example, 

barefoot and minimal footwear have been found to increase foot muscles functional 

capacity (Robbins and Hanna, 1987; Bruggemann et al, 2005). Also, higher arch 

characteristics and foot strength was observed in habitually barefoot children vs. 

weight matched controls (Aibast et al, 2012). Likewise Zipfel and Berger (2007) 

examined foot morphology in four human groups (skeletal habitually shod samples 

from Sotho, Zulu, and European recent pre-historic samples, and habitually unshod 

samples from pre-pastoral Holocene people or a hunter-gatherer lifestyle) and 

concluded the Holocene group suffered much less ostcological modification as well as 

improved foot function compared to the habitually shod groups. A more recent 

analysis examining habitual footwear use in barefoot Indians vs. shod Indian controls 

and western shod participants arrived at a similar conclusion: άcurrent data suggests 

that footwear fails to respect natural foot shape and function and will ultimately alter 

ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ ŀƴŘ ǘƘŜ ōƛƻƳŜŎƘŀƴƛŎŀƭ ōŜƘŀǾƛƻǳǊ ƻŦ ǘƘŜ Ŧƻƻǘέ ό5Ω!ƻǳǘ Ŝǘ ŀƭΣ нллфΣ ǇǇ 

умύΦ CƛƴŀƭƭȅΣ ǘƘŜ ǇǊŜǾŀƭŜƴŎŜ ƻŦ άŦƭŀǘ ŦŜŜǘέ ǿŀǎ уΦс҈ ƛƴ Ƙŀōƛǘǳŀƭƭȅ ǎƘƻŘ ŎƘƛƭŘǊŜƴ ŀƴŘ ƻƴƭȅ 

2.8% in habitually barefoot children in (Rao and Joseph, 1992). The second theory of 

reduced proprioceptive feedback was discussed in the previous paragraph, and with 

regard to the third theory, we draw your attention to the numerous kinematic 

differences observed between barefoot, MFW and CRS running in Table 2.7.3 (section 

2.7.3). However, the lack of longitudinal data observing a difference in running related 

injury or performance among barefoot, MFW and CRS runners makes this data very 

difficult interpret as to what footwear (or lack of), it best adopted for long term use. 
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With regard to running related injury, according to Lieberman (2012, pp 69) άasking 

whether barefoot running is more or less injurious than shod running is a naïve 

question given the complex, multifactorial basiǎ ŦƻǊ Ƴƻǎǘ ƪƛƴŘǎ ƻŦ ƛƴƧǳǊȅέ. Lieberman 

(2012) also suggests that the barefoot condition ƛǎ ǘƘŜ άƴǳƭƭ ƘȅǇƻǘƘŜǎƛǎέ ŀnd any 

research examining differences in footwear should first attempt to accept or reject the 

null hypothesis. In this regard, the evidence for footwear as a protective factor against 

injuries is lacking despite the numerous anecdotal marketing strategies employed by 

manufacturers worldwide. This section will first examine the direct evidence for 

injuries in various footwear in the literature, before identifying important kinetic and 

kinematic differences between barefoot and CRS running. Finally, we will examine the 

small body of research looking specifically at MFW. 

2.7.1 Injuries in Various F ootwear  

 

2.7.1.1 Conventional running shoe design and injury  

Different shoe types have traditionally been prescribed based on foot type (cushioned 

stability shoes for high arched runners, and cushioned motion control shoes for low 

arched runners) (Goss and Gross, 2012a). However the evidence that pronation 

control, elevated cushioned heel shoes result in a reduction of running related injury 

has been found to lack any significant data in a systematic review (Richards, Magin and 

Callister, 2009).  

According to Richard, Magin and Callister (2009), the idea of implementing shoes with 

cushioning, elevation and pronation control is based on the following assumptions: 

1) That excessive impact forces whilst running are a significant cause of injury 

2) That running on a hard surface is a cause of high impact forces 

3) That cushioned shoes can reduce these impact forces 

4) That cushioning itself will not cause any injury 

5) That shoe elevation will reduce Achilles tendon strain 

6) That over-pronation and over-supination cause running injury 

7) That reducing pronation/supination will reduce injury risk 

8) That motion control shoes effectively reduce sub-talar movement 
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We have discussed the various research with regard to many of these factors in this 

literature review both above and below. Many of these assumptions have been 

inconclusive. In fact strong scientific evidence supporting many of these theories is 

currently lacking. Indeed, the study by Richards, Magin and Callister (2009), suggests 

that άthe lack of evidence for [PCECH] use and their potential to cause injury has been 

raised by several authors, including leading authorities in the fieldέ όRichards, Magin 

and Callister, 2009, p 161). To provide some examples; In one well designed, double 

blind randomised control trial, no difference in running related injury was identified 

between soft and hard (15% greater heel stiffness) midsole cushioned shoes (Theisen 

et al, 2013), or between motion control, stability and neural shoes when prescribing 

shoes based on foot shape (Knapik et al, 2010). 

It is possible that parallel use of running shoes can reduce injury risk (Malisoux et al, 

2013). There is also research suggesting that cheaper, less cushioned shoes may 

reduce the risk of a running related injury (Robbins and Waked, 1997), and that motion 

control shoes resulted in more injuries and missed training days than both a neutral 

and stability shoe during a 13 week half marathon programme (Ryan et al, 2011). In 

support of this, barefoot running has been observed to reduce the eversion moment at 

the ankle irrespective of foot type (Hall et al, 2013) Shoes have been suggested to 

increase the amount of lateral ankle ligament injuries, due to the elevated profile that 

increased the external inversion moment when compared to barefoot (Kerr et al, 

нллфΤ 5Ŝ ²ƛǘΣ 5Ŝ /ƭŜǊǉ ŀƴŘ !ŜǊǘǎΣ нлллύΦ ¢ƘŜ ŎƻƴŎŜǇǘ ƻŦ άƴŀǘǳǊŀƭέ ŀƴŀǘƻƳƛŎŀƭ 

alignment may be more important than any characteristic of shoes that attempts to 

reduce impact peaks, since most internal active forces occur late in stance and may 

contribute more to injury (Nigg, 2010; Novacheck, 1998). It is important to note that 

no amount of technological development or academic understanding of the nature of 

running injuries has resulted in a measureable decrease in running related injury, and 

ŀƭƭ ƛƴƧǳǊȅ άǘƘŜƻǊƛŜǎέ ǎƘƻǳƭŘ ǇŜǊƘŀǇǎ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ŀ ǿƻǊƪƛƴƎ ƘȅǇƻǘƘŜǎƛǎ ǿƛǘƘ ƴƻ 

significant evidence to aid medical or sports professionals. Nevertheless, some authors 

have attempted to link running related injury with biomechanics as discussed 

previously (section 2.6). 
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2.7.1.2 Injury risks comparing footwear types  

To date there has been very little research examining injury outcomes as the result of 

wearing different shoes. In a recent study Ryan et al (2009) examined pain reduction in 

21 participants with plantar fasciitis over 12 weeks, and a follow up at 6 months, when 

implementing a rehabilitation programme either in Nike άCǊŜŜέϯ (MFW) or CRS. Whilst 

there was no difference in the pain outcome between either footwear at 6 months, 

ǘƘŜ bƛƪŜ άCreeέϯ group reported significantly less pain throughout the intervention 

than the CRS group. In contrast to this study, the Nike άFree 3.0έϯ was found to result 

in more injuries than both a CRS and VFF intervention in Ryan et al (2013). It may 

appear surprising that the Nike άFreeέϯ was more injurious than the ultra-minimalist 

VFF, but as discussed below the Nike άFreeέϯ may not offer enough sensory feedback 

through the foot to initiate some degree of impact attenuation. This shoe has reduced 

cushioning and lateral stiffness compared to CRS that can often result in runners 

ƳŀƛƴǘŀƛƴƛƴƎ ŀ άŎƻƴǾŜƴǘƛƻƴŀƭ ǎƘƻŜ ǊǳƴƴƛƴƎ ǎǘȅƭŜέ (Bonacci et al, 2013). As a 

consequence according to Lieberman et al (2010), this may be a dangerous option for 

runners. However these researchers did not provide direct evidence of this resulting in 

injury (Lieberman et al, 2010). 

Research investigating injury rates in barefoot and MFW appears to be equivocal. 

Barefoot and MFW runners who adopted a forefoot strike pattern were significantly 

less likely to develop a running related injury compared to CRS runners in Goss and 

Gross (2012a). In contrast, in a study by Grier et al (2013) there was no significant 

difference between CRS and MFW users with regard to injury. To confound matters 

further, Daumer et al (2014) highlighted the danger associated with the transition to 

MFW or barefoot by reporting much higher injuries during this transition period (Table 

2.7.1). Interestingly the authors observed a much lower injury risk per 10,000km of 

running in experienced MFW or barefoot runners compared to experienced CRS 

runners (Daumer et al, 2014). The study by Daumer et al (2014) involved the use of a 

retrospective questionnaire, but may have been biased by the questionnaire being 

advertised mostly to a barefoot running forum. In addition, Salzler et al (2012) 

identified 9 runners who presented with stress fractures within 2.8 months of moving 

into MFW. These runners had previously run more than 40 km per week in CRS for 

more than 20 years without noticeable injury (Salzler et al, 2012). Also, runners who 

attempted to transition to running barefoot reported with Achilles tendinopathies and 
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metatarsal stress fractures in several case studies (Cauthon, Langer and Coniglione, 

2013; Giuliani et al, 2011), as well as following a ten week VFF transition (Ridge et al, 

2013). 

 

 

Table 2.7.1. Injuries per 10,000km (±SD) reported by experienced shod runners, 

experienced MFW/barefoot runners, and runners attempting to transition to 

MFW/barefoot running. Reports based on questionnaire feedback. Adapted from 

Daumer et al (2014). 

Injuries / 10,000km Mean (±SD) 

CRS 12.77 (±56.82) 

MFW/Barefoot 5.63 (±22.42) 

Transition phase 33.27 (±95.28) 

 

Understanding of how biomechanical changes with footwear can influence factors 

related to injury is ongoing. These include the kinematic and kinetic factors associated 

with running and have been discussed with regard to footwear in the next two 

sections. 

2.7.2 Kinetic Changes with F ootwear  

 

Studies looking at impact characteristics related to footwear have been somewhat 

inconclusive in the literature. Early in-vitro reports of shoe cushioning found that 

increased shoe compliance reduced Fz1 and loading rate, leading to the assumption 

that shoe cushioning would reduce impact forces acting on the body (Shorten and 

Mientjes, 2011; Theisen et al, 2013). However this was not the case with in-vivo 

measures where the inverse effect was observed (Nigg, 2010; Schwellnus, Jordaan and 

Noakes, 1990; Richards, Magin and Callister, 2009; Squadrone and Gallozzi, 2009; 

Lohman et al, 2011; Goss and Gross 2012a; Aguinaldo and Mahar, 2003; Shorten, 

2002). This may be due to runners adjusting lower body stiffness and running 

kinematics depending on surface hardness in order to maintain a leg-surface system 
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constant (Lohman et al, 2011; Nigg, 2001). This was confirmed in a study by Kong, 

Candelaria and Smith (2009), in which worn shoes resulted in no difference in force 

variables compared to new shoes, as a result of adaptations by the runner to maintain 

the leg-surface system constant as the shoe got harder. This suggests that better 

cushioned shoes to not reduce the impacts on the body since runners will increase 

stiffness on the compliant surface to counteract the shoe deformation (Dixon, Collop 

and Batt, 2000). Runners have also been found to adopt a more extended stride, 

straighter knee and a rearfoot strike pattern at initial contact when in CRS (potentially 

as a means to optimise economy ς Moore, Dixon and Jones, 2013) and this will result 

in higher impact characteristics when compared to the increased knee flexion, shorter 

stride, and a non-rearfoot strike pattern often observed in barefoot runners (see 

section 2.7.3) (Lieberman et al, 2010). These changes have also been proposed to be 

plantar feedback mediated impact attenuation behaviours (Robbins and Hanna, 1987).  

The differences in the running gait among individuals is highly variable however (Nigg 

and Enders, 2013), and this is reflected in the kinetic data available; 

2.7.2.1 The Fz1 and Loading Rate with Respect to Footwear  

Numerous studies have examined differences in the Fz1 when comparing barefoot, 

MFW and CRS running. However the results are equivocal, with studies observing no 

difference in the Fz1 between CRS, MFW and barefoot (Giandolini et al, 2013a; Divert 

et al, 2008; De Wit, De Clerq and Aerts, 2000; Braunstein et al, 2010: Fong Yan et 

al,2012; Shorten, 2002), a lower Fz1 in barefoot/MFW vs. CRS (Hamill et al, 2011; 

Divert et al, 2005a; Divert et al, 2005b; Squadrone and Gallozzi, 2009; Nigg, 2010; Utz-

Meagher, Nulty and Holt, 2011), or a higher Fz1 in barefoot/MFW vs. CRS (Lussiana et 

al, 2014; Sinclair et al,  2013; Willy and Davis, 2014). This variation has been suggested 

to be either due to the methods employed for determination of Fz1, the degree of 

habituation of participants in these studies (Lussiana et al, 2014), or the limited 

amount of steps taken during analysis (Divert et al, 2005b). A limited step count may 

have counteracted any need to attenuate impact, as this may be a feedback oriented 

tactic that requires a high amount of ground contacts (Divert et al, 2005b).  

When investigating loading rate, some studies have found loading rate to be 

significantly higher for barefoot/MFW vs. CRS (Sinclair et al, 2013; De Wit, De Clerq 

and Aerts, 2000; Fong Yan et al, 2012; Willy and Davis, 2014; Paquette, Zhang and 
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Baumgartner, 2010), but also to be lower when barefoot/MFW when compared to 

CRS, and this has largely been related to the adoption of a non-rearfoot strike pattern 

(Lieberman et al, 2010). With respect to this change in foot strike pattern, barefoot 

running was found to reduce the Fz1 and loading rate when compared to several 

different shoe types, as a result of adopting a non-rearfoot strike pattern in the 

barefoot condition, but a rearfoot strike pattern in CRS (Hamill et al, 2011). The foot 

strike pattern may not be the only factor involved in reducing impact forces in running 

with different footwear, as Cheung (2013) noted a reduced loading rate when barefoot 

irrespective of the foot strike pattern adopted. Therefore it is possible that other 

factors such as lower body stiffness and leg geometry are just as important as the foot 

strike pattern in mediating impact during initial contact (Nigg, 2010; Derrick, 2004), but 

this requires further investigation.  In runners that adopt a rearfoot strike pattern, CRS 

have been found to reduce the loading rate due to shoe cushioning properties (Nigg 

and Enders, 2013). Since the majority of the shod population adopt a rearfoot strike 

pattern, this may have some positive influence on injury rates in this population 

(Shorten and Mientjes, 2011; Hreljac, 2004; Fong Yan et al, 2012; TenBroek et al, 

2013). However, this association lacks any empirical evidence for long term reduction 

of running related injury (Richards, Magin and Callister, 2009).  

In a major review of acute research comparing barefoot and CRS running, Hall et al 

(2013) found some evidence for a lower peak vGRF, lower Fz1, and a higher loading 

rate when in the barefoot condition. However the authors note that there is yet only 

limited evidence available in this area, and none of this research identifies changes in 

these variables associated with a transition to barefoot running over time. 

2.7.2.2 Plantar P ressures with Respect to Footwear  

A further consideration with regard to impact kinetics is plantar pressures. Footwear 

with varying hardness has been found to have a significant influence on foot loading 

(Hennig and Milani, 1995). Likewise, footwear with minimal cushioning properties has 

been suggested to increase the likelihood of developing metatarsal stress fractures 

(Giuliani et al, 2011; Nunns, Stiles and Dixon, 2012), via increased localised pressures in 

the anterior plantar region as a result of a more anterior foot placement and thinner 

shoe (Squadrone and Gallozzi, 2009; Nunns et al, 2013). This can be a result of either 

reducing the cushioning (or consequently the time to decelerate the foot velocity), or 
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adopting a non-rearfoot strike pattern that will reduce contact area and localise 

pressures under the bony prominences of the metatarsal heads (Squadrone and 

Gallozzi, 2009; Guiliani et al, 2011). Indeed, minimally cushioned footwear has shown 

increased pressures under the body prominences of the foot as well as result in much 

higher rates of pressure development (Shorten, 2002). This significant increase in 

localised plantar pressures may be more important than the potential 15-33% 

reduction in Fz1 and loading rate observed when running barefoot with a more 

anterior foot strike pattern (Goss and Gross, 2012b; Lieberman et al, 2010; Squadrone 

and Gallozzi, 2009; Divert et al, 2005b). It is important to note that this data involves a 

sample from habitually shod modern-day runners, but native Indian barefoot 

populations were observed to have much wider feet and more equally distributed 

plantar pressures ό5Ω!ƻǳǘ Ŝǘ ŀƭΣ нллфύΦ Plantar pressures were very different between 

shod Indian controls and Western participants when compared to Indian barefoot 

populations. There were areas of high and low pressures observed in shod Indian 

controls and Western participants who were observed to have shorter, thinner feet 

with focal pressure points under the heel, metatarsals and hallux in comparison to the 

habitually barefoot group ό5Ω!ƻǳǘ Ŝǘ ŀƭΣ нллфύΦ Therefore, these injuries related to 

higher plantar pressures may be a result of long term footwear use and reduction in 

foot shape and function (Zipfel and Berger, 2007), that are realised with an attempt to 

move out of CRS. 

Considering these plantar pressure changes further, changing to a non-rearfoot strike 

pattern will increase the amount of time that this region of the foot is under stress, as 

ƻǇǇƻǎŜŘ ǘƻ ǘƘŜ άǊƻƭƭ ƻǾŜǊέ ŜŦŦŜŎǘ ƻŦ ŀ rearfoot strike pattern in which the heel, midfoot 

and then forefoot are under pressure. This will increase the force*time integral, which 

may have some implications for stress reactions in the metatarsals (Goss and Gross, 

2012a). Indeed a recent study by Ridge et al (2013) investigating bone marrow edema 

ƛƴ ŀǘƘƭŜǘŜǎ ǘǊŀƴǎƛǘƛƻƴƛƴƎ ƛƴǘƻ ±CCΩǎ ƻǾŜǊ ŀ ǘŜƴ ǿŜŜƪ ǇŜǊƛƻŘ, the authors found that 11 

of 16 participants had a stress response which required a reduction in training load, 

and two participants experienced full metatarsal stress fractures during this period. 

The observed increase in metatarsal pressures is potentially due to impact moderating 

behaviours under the heel (Squadrone and Gallozzi, 2009), indeed a flatter foot 

placement has been significantly correlated with maximal localised pressures under 
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the heel when barefoot running (r=-0.7) (De Wit, De Clerq and Aerts, 2000), and in 

harder shoes (Hennig, Valiant and Liu, 1996). The lack of protective properties when 

running in MFW or barefoot is a stark difference to the heavily padded CRS; higher 

metatarsal pressures were observed in all regions of the foot in Qiu and Gu (2011) in 

barefoot vs. CRS (Figure 2.7.2.2). This study identified the importance of midfoot 

cushioning properties for reducing plantar pressure. Whilst there is evidence that long 

term CRS use may reduce foot structure and function as discussed, the protective 

effect of CRS must be considered when an acute change in footwear is being 

considered. The long term use of footwear with limited cushioning remains to be 

examined in this regard. 

 

 

Figure 2.7.2.2.  Metatarsal peak pressures both recorded at the insole and outsole level 

of a CRS using pressure sensors and compared to barefoot. The figure demonstrates 

the reduction in localised plantar pressures with a cushioned shoe sole. Adapted from 

Qiu and Gu (2011). 

2.7.2.3 Internal Forces and Joint Moments with Respect to Footwear  

The moments and forces acting on the body has also be different with changes in 

footwear; Increased knee flexion has been observed when barefoot, and this has been 

considered a potential impact attenuation tactic that will result in positive changes to 

knee loading (Braunstein et al, 2010). Indeed, running barefoot (shorter steps and 
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shorter lever arm of the vGRF) has been found to reduce patellofemoral joint stress, 

knee joint moments (Bonacci et al, 2014; Kerrigan et al, 2009; Sinclair, 2014; 

Willwacher, Fischer and Bruggemann, 2013), lower peak extension and abduction 

moments as well as negative work at the knee (Bonacci et al, 2014; Williams et al, 

2012). There was also a reduction in moments and forces the hip in Kerrigan et al 

(2009) and Bergmann et al (1995). However no difference in the moments or forces at 

the hip was observed in Willwacher, Fischer and Bruggemann (2013) or Bonacci et al 

(2014) when comparing barefoot and CRS running. In contrast to this potential 

reduction in knee internal work, barefoot forefoot strike pattern running may increase 

joint stress and mechanical work at the ankle (Olin and Gutierrez, 2013; Arendse et al, 

2004; Divert et al, 2005a; Divert et al, 2008; Bonacci et al, 2014; Williams et al, 2012; 

Sinclair, 2014; Willwacher, Fischer and Bruggemann, 2013). The consensus in these 

studies is that barefoot running can have protective properties for the knee 

(potentially reducing the risk of injuries such as patellofemoral pain syndrome), but 

will increase demand on the triceps surae therefore increasing the risk of Achilles 

tendinopathies and associated injuries (Daoud et al, 2012; Divert et al, 2005a; Divert et 

al, 2008; Bonacci et al, 2014). However, more long term prospective studies are 

required to confirm these theories. 

One study has investigated muscle activity and tibial shock during the first attempt at 

barefoot running (Olin and Gutierrez, 2013). This study used habitually shod rearfoot 

striking runners, who were required to implement a forced forefoot strike pattern in 

the barefoot condition, and compared to a rearfoot strike pattern when barefoot and 

in CRS. Gastrocnemius activity was found to be increased in the barefoot forefoot 

strike pattern modality. Knee flexion was increased, and average and peak tibial shock 

was higher during the barefoot forefoot strike pattern as a result of the lack of 

cushioning. The results suggest that upon the first attempt at a barefoot forefoot strike 

pattern, there is increased muscular demand in the gastrocnemius, as well as 

increased shock, both of which will have a potential for injury until the participants 

become accustomed to this novel activity (Olin and Gutierrez, 2013). This again 

highlights the potential danger of this transition period, and why it demands further 

research. 
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Whilst it appears that the evidence for reduced impact forces in difference shoes is 

equivocal and required investigation during a transition to barefoot or MFW, this 

section highlights a danger associated with barefoot and MFW running with regard to 

higher plantar pressures. It appears that whilst CRS to not attenuate impact forces in 

vivo, there is strong evidence that the cushioning properties reduce localised plantar 

pressures. In habitually barefoot populations this may not be an issue (Zipfel and 

Berger, 2007), but will be an important increase in load associated with modern day 

ǊǳƴƴŜǊΩǎ ŀǘǘŜƳǇǘƛƴƎ ǘƻ ƛƴŎƻǊǇƻǊŀǘŜ aC² ƻǊ ōŀǊŜŦƻƻǘ ǊǳƴƴƛƴƎ ƛƴǘƻ ǘƘŜƛǊ ǘǊŀƛƴƛƴƎΦ 

Indeed there is already evidence of an increased prevalence of stress fractures with a 

reduction in footwear (Giuliani et al, 2011; Nunns, Stiles and Dixon, 2012). Likewise the 

transition to barefoot or MFW could potentially result in increased risk of triceps surae 

injuries whilst reducing the internal forces at the knee (Bonacci et al, 2014). 

2.7.3 Kinemat ic Changes with Footwear  

 

There have been numerous kinematic differences associated with changes in footwear 

that can potentially have an impact on the risk of injury in runners and these have 

been discussed in section 2.7. Footwear has been shown to have a significant impact 

on the running gait (Lohman et al, 2011; Hennig and Milani, 1995; Bishop et al, 2006; 

Lieberman et al, 2010; Divert et al, 2005b). The many changes between barefoot, MFW 

and CRS have been summarised in Table 2.7.3. It has been suggested that the change 

in kinematics when barefoot running are actively prepared in free flight, suggesting an 

actively induced adaptation strategy for this condition compared to CRS (De Wit, De 

Clerq and Aerts, 2000). This may be as a result of necessary changes to leg geometry in 

order to counteract the reduced protective sensation of wearing shoes as previously 

discussed, either for economy (Moore, Jones and Dixon, 2013), impact attenuation 

(Nigg, 2010; Robbins and Hanna, 1987), or to limit localised pressures under the heel 

when barefoot (De Wit, De Clerq and Aerts, 2000). However, large individual variation 

has been observed when comparing footwear (Nigg and Enders, 2013). 
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Table 2.7.3. Kinematic and spatiotemporal differences between CRS, barefoot and 

MFW running. Based on the current literature. Given that MFW are highly variable in 

design, the model used for the study has been listed in this category. 

Author(s) Variable CRS Barefoot 
(BF) 

MFW (shoe 
type) 

Divert et al, 2005a; Divert 
et al, 2005b; De Wit, De 
Clerq and Aerts, 2000; 
Lussiana et al, 2014; 
McCallion et al, 2014; 
Bonacci et al, 2013; Hall 
et al, 2013; Squadrone 
and Gallozzi, 2009; Willy 
and Davis, 2014 

Stride 
Frequency 

Reduced Increased MFW > CRS 
(Merrel 
ά.ŀǊŜŦƻƻǘ 
DƭƻǾŜέϯύ 
 
BF>MFW>CRS 
(VFF) 
 
MFW=CRS (Nike 
άCǊŜŜ оΦлέϯ) 

Bonacci et al, 2013; De 
Wit, De Clerq and Aerts, 
2000; Squadrone and 
Gallozzi, 2009; Franz, 
Wierzbinski and Kram, 
2012 

Stride Length Longer Shorter CRS>MFW>BF 
όbƛƪŜ άCǊŜŜ 
оΦлέϯύ 
 
CRS = MFW 
όbƛƪŜ άCǊŜŜ 
оΦлέϯ and VFF) 

Divert et al, 2005a; Divert 
et al, 2005b; Chambon et 
al,  2014; Lussiana et al,  
2014; De Wit, De Clerq 
and Aerts, 2000; Hamill et 
al, 2011 

Leg Stiffness Reduced Increased MFW > CRS 
(Merrel 
άBarefoot 
DƭƻǾŜέϯ) 

Bishop et al, 2006; Hamill 
et al, 2011; Chambon et 
al,  2014; Sinclair et al, 
2013; Williams et al, 
2012; Willy and Davis, 
2014; Hall et al, 2013; 
Squadrone and Gallozzi, 
2009 

Ankle angle  
(at initial 
contact) 

Higher 
dorsi-
flexion 

Higher 
plantar-
flexion 

MFW > CRS 
(Nike άCree 
3.0έϯύ 
 
MFW = BF (VFF) 

Bishop et al,  2006; 
Lieberman et al, 2010; De 
Wit, De Clerq and Aerts, 
2000; Willy and Davis, 
2014; Hall et al, 2013 

Knee angle 
(at initial 
contact) 

Decreased Increased MFW > CRS 
όbƛƪŜ άCǊŜŜ 
оΦлϯέ 
 
MFW=BF=CRS 
(VFF) 

Divert et al, 2005a; Divert 
et al, 2005b; Chambon et 
al, 2014;  Lussiana et al,  
2014; McCallion et al, 
2014; Braunstein et al, 

Ground 
contact time 

Higher Lower CRS>MFW>BF 
(VFF and 
custom New 
Balance® MFW) 
 



 

73 

 

2010; Sinclair et al, 2013; 
Burkett, Kohrt and 
Buchbinder, 1985; De 
Wit, De Clerq and Aerts, 
2000; Squadrone and 
Gallozzi, 2009; TenBroek 
et al, 2013; Olin and 
Gutierez, 2013 

CRS>MFW=BF 
(Nike άCree  
3.0έϯ) 
 
MFW=BF (VFF) 

Chambon et al, 2014, 
Hamill et al, 2012 

Knee 
Stiffness 

= =  

Lussiana et al, 2014; 
Divert et al, 2005a 

vertical 
oscillation 

Higher Lower CRS > MFW 
(Merrel 
ά.ŀǊŜŦƻƻǘ 
DƭƻǾŜέϯ) 

Divert et al, 2005a; Divert 
et al, 2005b; McCallion et 
al, 2014; Squadrone and 
Gallozzi, 2009 

Flight time Higher Lower MFW = CRS 
(VFF) 

Bonacci et al 2013; 
Burkett, Kohrt and 
Buchbinder, 1985; Bishop 
et al,  2006 

Knee 
excursion  

More Less MFW=BF=CRS 
(VFF) 

Bonacci et al, 2013; 
Williams et al, 2012; 
Squadrone and Gallozzi, 
2009 

Ankle 
Excursion 

More Less MFW = BF (VFF) 

Hall et al, 2013; Bishop et 
al, 2006; De Wit, De Clerq 
and Aerts, 2000; Divert et 
al, 2008; Lieberman et al, 
2010; Squadrone and 
Gallozzi, 2009; Altman 
and Davis, 2011a; Hamill 
et al, 2011 

Foot strike 
pattern 

Varied but 
a 
tendency 
for a RFS 

Varied but 
a 
tendency 
for a FFS 

Varied 

Hall et al, 2013; De Wit, 
De Clerq and Aerts, 2000 

Eversion 
(initial and 
maximal) 

Increased Reduced ς 
occurs 
earlier 

 

Hall et al, 2013 Knee valgus increased reduced  
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2.7.4 MFW Design Considerations with R egard to Running Related I njury  

 

Throughout this review we have made very little distinction between barefoot, CRS 

ŀƴŘ aC² ŀǎ ŀ ŦƻƻǘǿŜŀǊ ŎƘƻƛŎŜΦ Lƴ ǘƘƛǎ ǊŜƎŀǊŘΣ ǘƘŜ ƭŀǊƎŜ ǾŀǊƛŀǘƛƻƴ ƻŦ άƳƛƴƛƳŀƭέ ŦŜŀǘǳǊŜǎ 

observed in MFW demand individual scrutiny and cannot be considered as one large 

MFW group. Likewise one must not assume that thinner footwear will induce more 

sensory feedback in a similar fashion to barefoot (Robbins and Waked, 1997; Robbins, 

Waked and McClaran, 1995). In fact, one element of footwear that has been found to 

have little effect on the running gait is the midsole thickness; shoes with 4mm, 12mm, 

and 16mm heel thickness did not influence the running pattern, but running barefoot 

did (Hamill et al, 2011). In a similar study, Chambon et al (2014) found that the foot 

strike pattern and other kinematics did not change from 0mm to 16mm of shoe stack 

height, but there were significant differences for the barefoot condition. The authors 

concluded that the presence of footwear, even with a very thin upper and sole was 

enough to significantly influence the running pattern (Chambon et al, 2014). Another 

shoe design that has been found to influence the running pattern is the heel-toe drop. 

A higher heel-toe drop has been found to result in a greater amount of rearfoot strikes 

than zero-drop footwear (Chambon et al, 2014; Hamill et al, 2011). In support of this 

notion, footwear with a higher heel-toe drop has been found to limit the ability to 

adopt a non-rearfoot strike pattern (Horvais and Samozino, 2013). These studies 

highlight the important difference between running barefoot vs. any type of footwear, 

and also highlight the need to clarify each different MFW being investigated instead of 

packaging them into one footwear type (Bonacci et al, 2013). 

The main kinematic findings of studies comparing MFW to barefoot and/or CRS 

running are summarised in Table 2.7.3 above. One example of a minimal shoe that has 

not resulted in any clear differences to CRS (or similarities to barefoot) is the Nike 

άCǊŜŜ оΦлέ® (Bonacci et al, 2013; Hein and Grau, 2014; Willy and Davis, 2014; Sinclair et 

al, 2013). This finding was also mirrored in a study including several different MFW 

(VFF, Inov-8 άEvoskinέϯΣ bƛƪŜ άCree 3.0έϯ) when compared to CRS and barefoot 

(Sinclair, 2014). The VFF and Inov-8 shoes were found to display similar reductions in 

patellofemoral kinetic parameters, and increases in Achilles tendon forces as barefoot, 

but the Nike free 3.0 was found to be similar to the CRS (Sinclair, 2014).  
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One shoe that has been found to have both similarities and differences to barefoot 

running is the VFF. As mentioned above, Sinclair (2014) identified similarities in 

patellofemoral and Achilles tendon work between the VFF and barefoot. Likewise, 

McCallion et al (2014) observed a lower contact time in VFF compared to CRS, and 

Squadrone and Gallozzi (2009) found similarities to barefoot for contact time, Fz1, RE, 

and ankle plantar-flexion angle when using the VFF footwear. In Squadrone and 

Gallozzi (2009) however stride frequency, stride length, the centre of pressure length, 

and flight time in the VFF condition more closely resembled the CRS than barefoot. 

Therefore, whilst the VFF has been found to have more similarities to barefoot than 

perhaps any other MFW, they should still be considered a separate footwear condition 

to barefoot. 

2.7.5 The MFW Transition with Regard to Running Related Injury  

 

To date, limited research has investigated changes in running kinetics and kinematics 

as a result of a transition to MFW. !ǎ ŀ ǊŜǎǳƭǘΣ ǘƘŜǊŜ ƛǎ ŎǳǊǊŜƴǘƭȅ ƴƻ άǘƛƳŜƭƛƴŜέ ƻǊ 

evidenced based practice for this transition period. Giandolini et al (2013) suggested 6 

hours of MFW running was enough for kinematic ŎƘŀƴƎŜǎ ǘƻ άǎŜǘǘƭŜ Řƻǿƴέ. In 

contrast, Robbins and Hanna (1987) have suggested the adaptation to barefoot 

running could take several weeks. With regard to short term changes, Divert et al 

(2005a) has suggested that 4 minutes is sufficient to optimise the foot-surface 

interaction with a change in footwear or surface hardness. Since there has been a large 

variation observed in kinematics when runners switched to barefoot running for the 

first time (see table 2.7.3), we suggest that individual responses to a novel footwear 

type will be highly dependent on the individual runner in question. 

One short study over just two weeks examined kinematic and kinetic changes when 

training in VFF and found very little change in foot strike patterns, joint angles or 

kinetic parameters such as loading rate and Fz1, as well as joint moments and negative 

work (Willson et al, 2014). The participants were required to train in ±CCΩǎ for 20 

minutes, three times a week for two weeks, and so the exposure time was limited in 

this study. Indeed the total time spent in the MFW in this study was 2 hours, where it 

has been suggested 6 hours is required to adapt to changes in footwear (Giandolini et 

al, 2013b). To compare this to a barefoot training intervention, a similar study over just 
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two weeks required participants to include five minutes barefoot in the first week and 

ten minutes in the second week following each of their normal runs in CRS (Utz-

Meagher, Nulty and Holt, 2011). The authors found a more plantar-flexed foot, 

reduced contact time, and a smaller peak vGRF following the training intervention. 

They also observed an increased plantar-flexion angle, decreased stride length, and a 

reduced Fz1 in the barefoot condition compared to CRS at pre-tests. These studies 

again highlight the difference in the effects of a familiarisation between MFW and 

barefoot running. 

It was mentioned above that the responses to a MFW transition could be highly 

dependent on the runner in question. Indeed very little change was observed during a 

two week transition to VFFs in Willson et al (2014), but some participants on an 

individual basis did show similarities to barefoot movement. Those that changed 

displayed significantly reduced contact time and stride length, increased plantar-

flexion, increased knee flexion, and less hip flexion (Willson et al, 2014). The authors 

concluded that most runners may require specific instruction to elicit similar changes 

to habitual barefoot runners, if indeed this was the desired effect. Understanding the 

individual responses to changes in footwear may be an important part of future 

research in this area. 

2.8 Conclusion  

 

The current understanding of running related injury is limited. However there is a 

growing body of evidence suggested that higher plantar pressures and impact 

characteristics during the foot-ground contact can predispose runners to bony injuries 

in particular. Footwear cushioning has been found to reduce localised plantar 

pressures on the foot, but this may be at the detriment of higher impact forces due to 

changes in running kinematics. Gait-retraining and simple kinematic changes to stride 

frequency and foot strike patterns have been found to influence these injury related 

factors, but no long term evidence that gait-retraining can reduce running related 

injury is available.  Barefoot or MFW running does not have any strong evidence of 

injury reduction, however limited research suggests a forefoot strike pattern, shoe 

variation, and long term use of MFW or barefoot running may reduce injury rates in 

the current cohort of distance runners. The process of familiarisation has been 
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suggested to be a high risk time for runners, as ǎƻƳŜ ǊǳƴƴŜǊǎ ŘƻƴΩǘ ŎƘŀƴƎŜ ǘƘŜ ǊǳƴƴƛƴƎ 

gait or leg stiffness properties in accordance with the reduced protective properties of 

MFW or when running barefoot. It appears as though the VFF is the only MFW that has 

somewhat resembled barefoot characteristics due to similarities in kinematic and 

kinetic variables; however there are also key differences. There may also be a large 

individual response in kinematics with changes in footwear that is poorly understood 

in running science. 

From the literature review above, we have identified several important parameters 

with respect to performance and running related injury that should be examined with 

respect to a MFW transition. As a performance measure, RE has been found to be 

sensitive to endurance performance in a group of homogenous runners, and is also 

sensitive to changes in shoe mass or cushioning properties. However the smallest 

worthwhile change in RE has been proposed to be 2.4% (Saunders et al, 2004a) and 

this should be taken into account when interpreting the results. With regard to 

running related injury, several authors have reported metatarsal stress fractures 

during the transition to MFW or barefoot running, and plantar pressures have been 

found to be a viable measure of foot load. If so, this research project should examine 

how plantar pressures change during a MFW transition, particularly if changes in foot 

strike pattern are also observed in these runners, as this will redistribute the load on 

the foot considerably.  Other impact measures that have been related to injury 

(particularly stress fractures) include the Fz1, and to a greater extent to loading rate. 

Finally, neuromuscular control of lower body stiffness can influence both RE and 

impacts transients. A high level of stiffness appears to be beneficial for RE, but can 

result in higher loading rate that may increase the risk of bony injuries. To date, to the 

best of our knowledge, no studies have previously investigated any of these factors 

with respect to a MFW transition period. This transition period should be carefully 

considered with regard to the design and progression of MFW exposure. The proposal 

for a transition programme with respect to the current body of literature, in addition 

to the individual study aims and objectives for this research project are considered in 

the next section. 
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3. The Transition Programme and Overview of Study Design 

This section will discuss the proposed transition programme for the present work with 

respect to the current literature in this area. In addition, section 3.2 will outline the 

aims and objectives of the studies involved in this work based on the literature review 

in section 2.0. 

3.1 A Transition Proposal 

 

The period during which runners attempt to change their footwear is termed the 

άtransition periodέ. The transition process has not been examined to date in the 

scientific literature, but several authors have discussed important elements of this 

transition and these should be taken into account during the formation of this 

programme. Rothschild (2012b, pp 3ύ ǇǊƻǇƻǎŜǎ άan evidence-based preparation 

program should consist of activities and exercises that target the key biomechanical 

differences the barefoot runner will experience when compared with being shod (Table 

3.1a). These key differences include: plantar sensitivity adaptation, foot strike pattern 

and related changes in stride rate and length, lower extremity proprioceptive ability, 

ankle joint flexibility, intrinsic foot strength, and eccentric strength of the lower limb to 

control impact forces. Learning the barefoot style, namely, a reduced heel strike is 

fundamental in the transition to barefoot runningέ όwƻǘƘǎŎƘƛƭŘ, 2012, pp 3). Whilst 

several of these factors could be considered gait changes, important adaptation 

elements such as intrinsic foot strength, eccentric exercises of the lower leg, and ankle 

joint flexibility would appear to be integral to a successful transition to avoid injury. It 

has also been suggested that MFW running can increase triceps surae tightness and 

soreness (Willson et al, 2014). Self-myofascial release techniques (foam rolling) have 

been suggested to be successful at reducing muscle tension and increasing range of 

movement about a joint (MacDonald et al, 2013), and therefore may be a feasible 

management exercise for this issue.  
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Table 3.1a. A barefoot transition proposal. Adapted from Rothschild (2012b). 

Barefoot activity 

Barefoot walking indoors 

Barefoot walking outdoors 

Barefoot running indoors 

Barefoot running outdoors ς grass and 

asphalt 

Running form drills 

Forefoot striking 

Increased stride frequency 

Shorter step length 

Proprioceptive exercises 

Single-leg stance 

Single-leg stance on unstable surface 

Single-leg stance with resistive band 

Flexibility exercises 

Calf stretching against wall 

Calf stretching off the edge of a step 

PNF calf stretching 

Strengthening exercises Foot intrinsics 

Plyometric activities 

Single leg hops (forwards + hurdles) 

Jumps (squat jumps, depth jumps etc.) 

Horizontal and vertical bounds 

 

This concept that the transition should include injury prevention resistance exercises 

may be important (Warburton, 2001). Nigg and Enders (2013) propose that barefoot 

activity will increase the strength of the ankle stabilisers in a similar fashion to wobble 

board training, and wobble board training has been found to reduce injury. Strong 

small stabilisers of the ankle due to barefoot training would be beneficial to athletes, 

and these movements must have a lateral component, as this increases muscle activity 

by 50% (Nigg and Enders, 2013; Nigg, 2010). This lateral component could be 

something as simple as single leg balance work. Therefore we identified the following 

important components for injury prevention and preparation for a familiarisation to 

MFW running ς ankle mobility, foot longitudinal strength, lateral stability, eccentric 

triceps surae strength, and self-myofascial release techniques. The exercises for these 

components are outlined in Table 3.1b. Many of these exercises were recommended 

as a strength programme for injury prevention in high school runners (Tenforde et al, 

2011). 
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Table 3.1b. Injury prevention exercise programme for the present research. It was not 

specified if these exercises were completed on the same days as the MFW intervention 

or not. 

Exercise Programme (10 minutes) 

Plantar Fascia and Triceps Surae Rolling x 5 mins 

 

Ankle Mobility (3 x 15)

 

Calf Raises (3 x 15) 

 

¢ƻŜ άDǊŀōǎέ όо Ȅ мрύ 

 

Single leg balance (60secs) 

 

 

 

With regard to the process of increasing activity in MFW, training programmes should 

start with adequate barefoot activity in daily living before any running is begun (Hart 

and Smith, 2009; Warburton, 2001). Thirty minutes of daily barefoot movement is 

recommended including walking, jumping, playing games etc., to begin to allow 

development of the plantar surface and adaptations of the muscles and ligaments of 

the lower leg (Robbins et al, 1993; Hart and Smith, 2009). In addition, this transition 

should be gradually introduced over a period of no less than 4ς8 weeks because of 

muscular adaptation to training taking this period of time (Sale, 1988). Likewise, 3-4 
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weeks is enough time to allow plantar surface adaptation when barefoot running 

(Robbins et al, 1993). 

¢ƘŜǊŜ ƛǎ ƴƻ ŀǇǇŀǊŜƴǘ ƳŜǘƘƻŘ ƻŦ ŘŜǘŜǊƳƛƴƛƴƎ Ƙƻǿ άǿŜƭƭέ ǇŀǊǘƛŎƛǇŀƴǘǎ ǿŜǊŜ ŦŀƳiliarised 

to MFW. However, the research outlined in Table 2.6.3 ŀǎ ǇŀǊǘ ƻŦ LǊŜƴŜ 5ŀǾƛǎΩ ǊŜǎŜŀǊŎƘ 

group propose eight sessions is the minimum for adequate uptake of gait-retraining. 

The current programme has therefore been designed to incorporate at least eight 

aC² ǊǳƴǎΣ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŀǘ ƭŜŀǎǘ ŜƛƎƘǘ άǎŜǎǎƛƻƴǎέ ƻŦ aC² ŀƴŘ Ǝŀƛǘ-retraining. Whilst 

ǿŜ Řƻ ƴƻǘ ǎǳƎƎŜǎǘ ǘƘƛǎ ƛǎ ŀƴ άƻǇǘƛƳŀƭέ ŀƳƻǳƴǘ ƻŦ ǘƛƳŜ ŦƻǊ ŜƛǘƘŜǊ aC² ƻǊ Ǝŀƛǘ-

retraining, it presents us with preliminary data from the initial four to eight weeks of a 

transition programme, and this is a good place to start.  

In the absence of any other guidelines for transition, this approach would seem to be a 

logical place to start. The limited work above would suggest a transition to MFW 

should be examined from a minimum of four weeks and should include relevant injury 

prevention exercises (Table 3.1b) to reduce the risk of running related injury. The 

ǇǊƻƎǊŀƳƳŜ ǎƘƻǳƭŘ ŀƭǎƻ ŎƻƴǎƛŘŜǊ άōŀǊŜŦƻƻǘέ gait-retraining elements and discussed in 

the previous section. Popular gait-retraining elements include adopting a short stride 

length with higher stride frequency (Hobara et al, 2012; Goss and Gross, 2012b), the 

use of a mid or forefoot strike pattern (Lieberman et al, 2010; Goss and Gross, 2012b), 

a more forward hip alignment with the foot landing under the centre of mass 

(Lieberman et al, 2010; Goss and Gross, 2012b), and actively working on landing as 

light as possible to reduce landing velocity and the foot/ground collision (Crowell and 

Davis, 2011). These kinematic changes are discussed in the Review of Literature 

(Chapter two). The transition schedule proposed for the present work can be found in 

Table 3.1c that includes some simple barefoot activity at the beginning with a gradual 

progression of running on mixed surfaces. The higher exposure to running on grass 

than concrete may be noted as a limitation to this design, as more compliant surfaces 

may not instigate the same degree of impact attenuation as harder surfaces (Herzog, 

1979; Willwacher, Fischer and Bruggemann, 2013). However the adoption of multiple 

surfaces will vary the stimuli, and represents a more realistic and safe scenario in 

ǘƻŘŀȅΩǎ ŜƴǾƛǊƻƴƳŜƴǘΦ 
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It was important for the design of this research project that the gait-retraining 

guidelines were not enforced regularly during the transition period. Whilst this could 

be considered a limitation in the study design, we recognised that the vast majority of 

runners would not have access to regular education or feedback and would instead 

ǊŜƭȅ ǳǇƻƴ ŀ άƻƴŎŜ-ƻŦŦέ ǎŜǎǎƛƻƴ ōŜŦƻǊŜ ŀǘǘŜƳǇǘƛƴƎ ǘƻ ƛƴŎƻǊǇƻǊŀǘŜ ǘƘŜ ŎƘŀƴƎŜǎ 

individually. Within the applied nature of the present work it was deemed important 

to understand how well these runners could adopt gait-retraining changes individually, 

and crucially this also allowed for observation of effects related to footwear. Any 

footwear effects would not be apparent if the runners were controlled for foot strike 

pattern, stride frequency etc., and this may occur with repeated gait-retraining 

sessions.  

In addition, it is important that the runners experience the same amount of MFW 

exposure as part of this transition programme. This in itself presents a novel issue, 

because whilst the participants will complete the same amount of time in MFW during 

the transition, some of these runners will have a higher overall mileage in the week 

and therefore their exposure relative to their running in CRS will vary. For example, a 

runner who typically runs 70km/week will probably spend 30% of this time in MFW by 

the end of the intervention. In contrast, a participant who runs 25km per week may 

spend as much as 90-100% of their training in MFW by the final week of the 

programme. This may present an increased injury risk in these lower mileage runners, 

but maintenance of the total training volume in all participants is important to prevent 

de-training during this period.  

The current transition programme is therefore focused on three important elements; 

1) To ensure adequate exposure to the MFW condition, 2) to allow adequate time for 

participants to adopt the gait-retraining changes, and 3) to reduce the risk of injury as 

much as possible. 

 

 

 



 

84 

 

Table 3.1c. An example of a preliminary 6 week familiarisation schedule for MFW 

running proposed for the present work. 

Week MFW Training Programme 

Week 1 Throughout: Wearing MFW and going barefoot as much as possible  

in normal daily routines 

3 days: 5 -8 mins easy running on the spot or in corridors/garden at home 

3 days: Prescribed exercises (Table 3.1b) 

Week 2 3 days: 10 ς 15 mins running on grass, 3 minutes on pavement 

3 days: Prescribed exercises (Table 3.1b) 

Week 3 2 days: 20 mins running on grass, 5 - 8 minutes on pavement 

1 day: 25 mins running on grass 

3 days: Prescribed exercises (Table 3.1b) 

Week 4 2 days: 25 mins on grass, 10 mins on pavement 

1day: 30 mins on grass 

2 days: Prescribed exercises (Table 3.1b) 

Week 5 + 6 2-3 days: 30 mins on grass, 15 mins on pavement 

1day: 40 mins on grass 

2 days: Prescribed exercises (Table 3.1b) 
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3.2 Individual Study Aims and O bjectives  

We propose to complete the following studies as part of this investigation; 

Chapter Four. Study One ς ά5ƻŜǎ ŀ ŦŀƳƛƭƛŀǊƛǎŀǘƛƻƴ ǘƻ aC² ƛƴŦƭǳŜƴŎŜ w9 ƛƴ ǘǊŀƛƴŜŘ 

ƳŀƭŜ ŀǘƘƭŜǘŜǎ ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ǊǳƴƴƛƴƎ ƛƴ /w{Κέ 

Study Aim ς To determine changes in RE as a result of a familiarisation period in MFW 

with no feedback on the running gait. This will be compared to the same participants 

wearing CRS.  

Objectives ς   

¶ To evaluate if a four week familiarisation to MFW can influence RE 

in this footwear type 

¶ To determine if there is a difference in RE between MFW and CRS. 

¶ To record changes in simple kinematic measures such as foot strike 

patterns and stride frequency in order to determine the gait related 

changes associated with this transition period. 

Chapter Five. Study Two ς ά5ƻŜǎ ŀ ŦŀƳƛƭƛŀǊƛǎŀǘƛƻƴ ǘƻ aC² and gait-retraining 

ƛƴŦƭǳŜƴŎŜ w9 ƛƴ ǘǊŀƛƴŜŘ ƳŀƭŜ ŀǘƘƭŜǘŜǎ ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ǊǳƴƴƛƴƎ ƛƴ /w{Κέ 

Study Aim ς To determine changes in RE as a result of a familiarisation period in MFW 

with a gait-retraining element included. This will be compared to the same participants 

wearing CRS, and also a control group with no MFW or gait-retraining exposure. 

Objectives ς   

¶ To evaluate if an eight week familiarisation to MFW when combined 

with simple gait-retraining can influence RE. 

¶ To determine if there is a difference in RE between MFW and CRS. 

¶ To record changes in simple kinematic measures such as foot strike 

patterns and stride frequency in order to determine the gait related 

changes associated with this transition 
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Chapter Six. Study Three ς ά5ƻŜǎ ŀ ŦŀƳƛƭƛŀǊƛǎŀǘƛƻƴ ǘƻ aC² ǿƛǘƘ gait-retraining 

influence plantar pressures and forces in trained female athletes when compared to 

ǊǳƴƴƛƴƎ ƛƴ /w{Κέ 

Study Aim ς To determine changes in plantar pressure distribution and mean plantar 

forces as a result of a familiarisation period in MFW with a gait-retraining element 

included. This will be compared to the same participants wearing CRS. 

Objectives ς   

¶ To evaluate if a four week familiarisation to MFW can influence 

localised plantar pressures and mean forces acting on the plantar 

surface. 

¶ To determine if there is a difference in regional plantar pressures 

and mean forces between MFW and CRS. 

¶ To record changes in simple kinematic measures such as foot strike 

patterns and stride frequency in order to determine the gait related 

changes associated with this transition 

 

Chapter Seven. Study Fourς ά5ƻŜǎ ŀ ŦŀƳƛƭƛŀǊƛǎŀǘƛƻƴ ǘƻ aC² ǿƛǘƘ gait-retraining 

influence running kinetics and kinematics in trained male athletes when compared to 

ǊǳƴƴƛƴƎ ƛƴ /w{Κέ 

Study Aim ς To determine changes in kinetics (Fz1, loading rate) and neuromuscular 

factors (vertical and joint stiffness) as a result of a familiarisation period in MFW with 

gait-retraining. This will be compared to the same participants wearing CRS and a 

control group who undergo the gait-retraining only with no exposure to MFW running. 

Objectives ς   

¶ To evaluate if a six week familiarisation to MFW can influence 

impact variables associated with injury risk (Fz1 and loading rate), 

and neuromuscular factors associated with injury risk (vertical and 

joint stiffness). 

¶ To determine if there is a difference in these kinetic and kinematic 

measures between MFW and CRS. 
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CHAPTER FOUR 
Study One 

άFour weeks habituation to simulated barefoot running 

improves running economy when compared to shod runningέ 
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4. Study One ς άFour weeks habituation to simulated barefoot running 

improves running economy when compared to shod runningέΦ 

 Joe P. Warne, Giles D. Warrington.  

SCANDINAVIAN JOURNAL OF MEDICINE AND SCIENCE IN SPORTS. DOI: 10.1111/SMS.12032, 2014.  

STATEMENT OF CONTRIBUTION: GILES WARRINGTON WAS THE RESEARCH SUPERVISOR FOR THIS STUDY. 

 

ABSTRACT 

The purpose of this study was to evaluate the effects of 4-weeks familiarisation to 

simulated barefoot running (SBR) on running economy (RE) when compared to shod. 

Fifteen male trained runners (age: 24 ± 4yrs; stature: 177.2 ± 6.21cm; mass: 67.9 ± тΦп ƪƎ 

ŀƴŘ ±ɧh2max 70.2 ± 5.2 ml.kg.min-1·) were recruited. Participantǎ ŎƻƳǇƭŜǘŜŘ ǘǿƻ w9 ǘŜǎǘǎΤ нп 

ƘƻǳǊǎ ŀǇŀǊǘΣ ƛƴ ŀ ǊŀƴŘƻƳ ƻǊŘŜǊΣ ƛƴ ōƻǘƘ ǘƘŜ {.w ŀƴŘ ǎƘƻŘ ŎƻƴŘƛǘƛƻƴ όǇǊŜ-ǘŜǎǘύ ŀǘ мм ŀƴŘ 

моƪƳκƘΦ hȄȅƎŜƴ ǳǇǘŀƪŜ ό±ɧh2), heart-rate, stride frequency, and foot strike patterns were 

measured in both conditions. Participants then completed a 4-week familiarisation period 

of SBR, before repeating the 2 RE tests (post-test).  At pre-test, there was no significant 

difference in RE between SBR and shod running (p=0.463), but following the 4 week 

familiarisation period RE was significantly better by 6.9% in the SBR condition compared to 

shod (46.4 ± 0.9 v 43.2 ± 1.2 ml.kg.min-1; p=0.011). A significant improvement in RE was 

observed in the SBR condition (8.09%) between the pre-test and post-test (47.0 ± 1.2 v 43.2 

± 1.2 ml.kg.min-1; p=0.002). RE improved in the SBR condition as a result of familiarisation, 

and became significantly lower in SBR compared with shod running.  

 

4.1 Introduction  

 

The evolution of mankind has reduced the pattern from running for everyday living and in 

order to survive, to an extra-curricular recreational and sporting activity that is considered 

important for health and wellbeing. Running has been largely influenced by footwear 

manufacturers in recent times, where large scale movement towards shoes offering 

comfort, cushioning, motion control and support have become the normal procedure for 

running enthusiasts.  However, this large scale move into supportive footwear has been 
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questioned in the literature over a number of years (Lieberman et al, 2010; Richards, Magin 

and Callister, 2009; Squadrone and Gallozzi, 2009; Robbins and Hanna, 1987), and has led 

to a recent growing interest and participation in barefoot (BR) or simulated barefoot 

running (SBR).  

Aside from potential lower injury risk (Lieberman et al, 2010; Robbins and Hanna, 1987; 

Richards, Magin and Callister, 2009), it is suggested that the change in gait when 

transitioning into less cushioned shoes, SBR or when barefoot running can have a positive 

effect on running economy (RE) (Hanson et al, 2011; Squadrone and Gallozzi, 2009). There 

is a growing body of research suggesting that the change in gait mechanics due to a more 

natural fore-foot strike pattern (FFS) can lead to a more efficient movement pattern 

(Lieberman et al, 2010; Squadrone and Gallozzi, 2009; Divert et al, 2005b), which may be 

explained by a number of factors including the weight of shoes; changes in joint stiffness; a 

reduction in braking impulse; and increased storage and recovery of elastic energy when 

running barefoot or in a simulated condition (Asmussen and Bonde-Petersen, 1974; Divert 

et al, 2008;  Hanson et al, 2011; Kyrolainen, Belli and Komi, 2001; Lieberman et al, 2010, 

Squadrone and Gallozzi, 2009). Despite this, a thorough search of the current scientific 

literature revealed there is no published research investigating differences in a habituated 

and  non-habituated participants,  as most studies have used initial responses or habitually 

barefoot runners for their investigations (Hanson et al, 2011; Lieberman et al, 2010, 

Squadrone and Gallozzi, 2009; Divert et al, 2008).  Given that RE is considered an important 

determinant of endurance running performance (Lucia et al, 2006), it may be pertinent to 

investigate how changes related to familiarisation to simulated barefoot running can 

influence this variable.  

²ƛǘƘ ǘƘƛǎ ǊƛǎŜ ƛƴ ǇƻǇǳƭŀǊƛǘȅΣ ŀ ƴŜǿ ƳƻǾŜƳŜƴǘ ƻŦ άƳƛƴƛƳŀƭƛǎǘέ ǎƘƻŜǎ ƘŀǾŜ ōŜŎƻƳŜ ŀǾŀƛlable. 

.ǊŀƴŘ ǎǇŜŎƛŦƛŎ ǊŜǎŜŀǊŎƘ ƛǎ ƭƛƳƛǘŜŘΣ ȅŜǘ ŀƴŜŎŘƻǘŀƭ ŜǾƛŘŜƴŎŜ ǎǳƎƎŜǎǘǎ ǘƘŀǘ Ƴƻǎǘ άƳƛƴƛƳŀƭƛǎǘƛŎέ 

products available would seem to still offer some degree of cushioning or support that may 

not accurately reflect barefoot running (Wallden, 2010). One product however that exhibits 

ƳƛƴƛƳŀƭ ŎǳǎƘƛƻƴƛƴƎΣ ǎǳǇǇƻǊǘ ƻǊ ǎǘǊǳŎǘǳǊŜ ƛǎ ±ƛōǊŀƳ άCƛǾŜCƛƴƎŜǊǎέ ό±CCύΦ ¢Ƙƛǎ ǊŜƭŀǘƛǾŜƭȅ ƴŜǿ 

ǇǊƻŘǳŎǘ ǇǊƻǾƛŘŜǎ ŀ ǎƛƳǇƭŜ άǎŜŎƻƴŘ ǎƪƛƴέ ŦƻǊ ǘƘŜ Ŧƻƻǘ ƛƴ ƻǊŘŜǊ ǘƻ ǎƛƳǇƭȅ ƻŦŦŜǊ ǇǊƻǘŜŎǘƛƻƴ ƻƴ 

modern day surfaces. Recent research by Squadrone and Gallozzi (2009) proposed that 

ǘƘŜǊŜ ŀǊŜ ŎƻƳƳƻƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ōŜǘǿŜŜƴ ōŀǊŜŦƻƻǘ ǊǳƴƴƛƴƎ ŀƴŘ ±CCΩǎ ǘƘŀǘ ƳŜǊƛǘǎ ŦǳǊǘƘŜǊ 

investigation as a tool to simulate barefoot running (SBR). 
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The current study investigated the effects of SBR on RE when compared to traditional 

running shoes and therefore adds to the limited literature on SBR. The focus of the present 

research was to investigate the effects of a 4 week familiarisation period when transitioning 

into SBR when compared with the same group in a non-familiarised state and as such 

investigate the acute and chronic changes of this group, as this may be an important area 

for future prescription of barefoot running or SBR.  

4.2 Methods  

  

4.2.1 Participant s: Fifteen trained male participants were recruited from a collegiate 

Athletics Academy on a volunteer basis via email (Age 24 ± 5 years; Stature 177.2 ± 6.2 cm; 

Mass 68 ± 7 kg; ±ɧ02max 70.2 ± 5.2 mL·min-1·kg-1: 1500m PB 240.3 ± 8.0 seconds; 5000m PB 

968.0 ± 50.1 seconds). All participants ran 6 - 7 days per week (a minimum of 50km per 

week) and competed in middle distance events (800 ς 5000m). Testing took place out of 

the main competition season (February - March). Participants were excluded if they had 

reported any lower limb injuries in the last three months, had any previous barefoot 

running experience or currently used orthotics. All participants had previous experience 

with treadmill running. Prior to participation in the study testing procedures were explained 

in detail and participants completed a general health questionnaire and signed an informed 

consent form. Ethical approval for this study was granted by the Dublin City University 

Research Ethics Committee. 

4.2.2 Experimental design : Participants were required to visit the human performance 

laboratories for 4 separate testing sessions. The study design consisted of two pre-tests 

performed in a random order, followed by a four week period of familiarisation and two 

post-tests, in the opposite order in a balanced Latin square design to minimize any possible 

order effect during testing. On the first visit, foot size was measured and participants were 

provided with one pair of SBR (VFF)  footwear (~150g) and also a standard pair of high 

quality traditional running shoes of a neutral design (Shod)(~400g). The participants were 

allocated a footwear condition before conducting a running economy (RE) test, and 

repeated the test in the opposite condition 24 hours later. Thus all participants were tested 

in both the SBR and Shod condition at Pre and Post-tests, with the shod condition acting as 

the control. 
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4.2.3 Running economy tests : Participant height and body mass were initially recorded. 

Tests took place at the same time of day with the participants required to maintain a similar 

diet, sleep pattern and training routine between and before tests. Diet, sleep and training 

were recorded directly prior to the initial test and included all food and fluid consumed on 

that day, and was subsequently sent to each participant in order for exact replication on 

testing days. Resting blood lactate (Lactate Plus, Nova Biomedical, MA, USA) was sampled 

from the earlobe prior to the testing sessions. Respiratory data was measured using a 

Viasys Vmax Encore 299 on-line gas analysis system (Viasys Healthcare, Yorba Linda, CA, 

USA). The system was calibrated to the manufacturer guidelines, including atmospheric 

pressure and temperature. A treadmill (Woodway, Weil am Rhein, Germany) RE test was 

then conducted in the assigned footwear. Treadmill incline was set at 1% to account for air 

resistance (Jones and Doust, 1996) and participants ran for 6 minute intervals at 11 and 

13km/h. At the end of each 6 minute stage, participants were asked to stand to the side of 

the treadmill and a blood lactate sample was collected within 30 seconds. The next stage 

was started after 1 minute of rest. At 5 minutes in each stage stride frequency (SF) was 

collected by counting the left foot contact with the treadmill belt for 60 seconds duration 

(this was repeated by the same investigator for validity in each participant and also filmed 

for a second assessment). Heart rate (Garmin, Dathe, KS, USA) and rated perceived exertion 

(RPE; BORG scale) were collected at 2 minute intervals. Rudimentary analysis foot strike 

pattern analysis was undertaken using a low cost video camera (Sony HDR-CX210, 60FPS; 

Sony, San Diego, CA, USA) in which participants were filmed in the sagittal plane at foot 

level over a 60 second period during the fourth  minute of testing. The video footage was 

then used to assign 1, 2 or 3 (1= forefoot strike, 2= midfoot strike, 3=rearfoot strike) to the 

participants foot strike pattern using Dartfish video analysis software (Dartfish 5.5, 

Fribourg, Switzerland). A midfoot strike pattern was classified when there was no clear 

forefoot or heel initial contact. 

The participants were then given a 24 hour recovery period where they were asked to 

control and record training, hours of sleep and diet, and then returned to the human 

performance laboratory to perform the pre-test in the opposite footwear with all other 

conditions remaining the same. Four weeks after the initial trial and following the 

familiarisation period, participants returned to the laboratory and were again assigned a 

footwear condition before conducting the same RE testing protocol previously outlined 
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above. This was again repeated 24 hours later in the other footwear condition (post-tests). 

Due to the study design adopted, the post tests were conducted in the opposite order to 

the pre-tests. 

4.2.4 Four week familiarisation phase : Before leaving the laboratory, each participant was 

provided with detailed guidelines including a structured progression of SBR over the four 

week familiarisation period. The programme incorporated SBR into the runners normally 

training routines, beginning with 2 runs of 15 minutes in the first week (~10% of total 

training volume), and gradually increasing to 3 - 4 x 30 minute runs by week four (~25% of 

training volume). This programme deliberately did not include any visual feedback or 

instruction on technique, but simply asked participants to run in the simulated barefoot 

condition at a comfortable velocity and to include some exercises that would reduce 

tightness specifically in the plantar fascia and calf muscles (calf raises on a step, and the use 

of a golf ball to massage the plantar surface of the foot). The rationale for adopting this 

ŀǇǇǊƻŀŎƘ ǿŀǎ ǘƻ ŜǾŀƭǳŀǘŜ άƴŀǘǳǊŀƭέ ǊŀǘƘŜǊ ǘƘŀƴ άŜƴŦƻǊŎŜŘέ ŎƘŀƴƎŜǎ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ {.wΦ 

Participants were required to maintain their normal training load in the shod condition at 

the same time, but may have substituted some shod running for SBR causing shod training 

volume to decrease slightly. 

4.2.5 Testing procedure ɀ 6Ș/2max: Before the four week familiarisation period, participantǎ 

ŎƻƳǇƭŜǘŜŘ ŀ ±ɧh2max test. This involved a ramped protocol with the treadmill speed set at 

12km/h for a 5 minute warm-up before increasing to 14km/h at 1% incline. The incline was 

then increased every minute until volitional exhaustion, participants achieved a respiratory 

quotient of 1.1 or above, or heart rate was within 10 beats of predicted maximum (220-

age). Participantǎ ŎƻƴŘǳŎǘŜŘ ǘƘƛǎ ǘŜǎǘ ƛƴ ǘƘŜƛǊ ƻǿƴ ǎƘƻŜ ŎƘƻƛŎŜΦ ±ɧл2max was recorded as the 

highest mean value achieved over the course of 60 seconds. 

 4.2.6 Data analysis for RE tests: The RE data was averaged over the last two minutes of 

each stage when participants ƘŀŘ ǊŜŀŎƘŜŘ ǎǘŜŀŘȅ ǎǘŀǘŜ ±ɧh2. Mean heart rate values were 

recorded using the 4 and 6 minute recordings for each stage, as was RPE.  

4.2.7 Statistics : Significant differences between condition, time, and velocity were 

established using repeated measures ANOVA tests (SPSS data analysis software V16.0) in 

order to establish within-subjects effects. Paired t-tests were completed to examine 

differences changes specific to each treadmill speedΦ ²ƘŜǊŜ ǘƘŜ Řŀǘŀ ǾƛƻƭŀǘŜŘ aŀǳŎƘƭȅΩǎ 
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test of spherity, the Greenhouse-Geisser correction was established. For changes specific to 

time, pairwise comparisons were used under the Bonferroni adjustment. Statistical 

significance was accepted at <h0.05. 

4.3 Results 

 

¢ƘŜ ƳŜŀƴ tǊŜ ŀƴŘ tƻǎǘ ±ɧл2, heart rate, stride frequency (strides per minute - SPM) and RPE 

are presented in table 4.3.The repeated measures ANOVA revealed a significant interaction 

between time (pre to post-tests) and condition (SBR vs. shod)(p=0.034) for RE. This 

interaction revealed that; at pre-test, there was no significant difference for RE between 

SBR and shod conditions (p=0.463; 1.05%). During the familiarisation, SBR RE improved by 

8.09% (p=0.002), whilst shod RE showed a non-significant improvement of 2.32% (p=0.087). 

Furthermore, the improvement in SBR RE was significantly larger than shod RE following the 

familiarisation, where SBR RE was superior to shod RE by 6.9% (p=0.011). The improvement 

was similar at both velocities using paired t-tests (Figure 4.3a). For example, analysis of the 

post-test statistics revealed a 7.01% reduction (p=0.012) in RE at 11km/h in the SBR 

condition compared to shod, and a 6.77% reduction (p=0.016) at 13km/h. These results 

were consistent across all variables and as a result, velocity was pooled for further analysis. 

Table 4.3. Summary of pre and post results (mean (±SD)) in the shod and SBR condition. 
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Figure 4.3a. 11 and 13km/h running economy data for pre and post-tests in the shod and 

SBR condition. 

Heart rate was not significantly different in the SBR condition at pre-test compared to shod 

(p=0.750). Heart rate did not significantly change during the familiarisation (SBR p=0.057; 

shod p=0.088), but was significantly lower in SBR by 2.8% at the post-test compared to shod 

(p=0.011).  There was no difference observed at pre-tests between SBR and shod when 

examining RPE (p=0.897). During the familiarisation, SBR was found to decrease a 

significant 9.45% (p=0.024). There was no change in shod RPE during the familiarisation 

(p=0.233). At post-tests, no significant difference was observed between SBR and shod 

(p=0.060). 

Further analysis using an ANOVA showed that there was a 2.64% higher stride frequency at 

pre-tests in the SBR condition when compared to shod, that was found to be significant 

(p=0.006). During the familiarisation, SBR and shod SF did not significantly improve (SBR 

p=0.392; shod p=0.500). Post-tests revealed that SBR was 2.72% higher than shod, that was 

found to be significant (p=0.001).  

Analysis for foot strike pattern revealed that there was no significant difference between 

the SBR and shod condition at pre-tests (p=0.165) (Figure 4.3b). SBR significantly favoured a 

FFS during the familiarisation period (p=0.040), whilst shod was not found to significantly 
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change (p=0.336). Furthermore, at post-tests the SBR group significantly favoured a FFS 

(p=0.003) when compared to shod. 

 

Figure 4.3b. Individual comparison of foot strike patterns in the shod and SBR 

conditions from Pre to Post tests. 

 

4.4 Discussion  

 

The main finding in the present study is that SBR RE significantly improved as a result of the 

familiarisation period (p=0.002) and became superior to shod RE (p=0.011). Given that the 

difference in RE between the two conditions improved from 1.05% at pre-tests to 6.9% at 

post-tests indicates that some degree of adaptation is taking place that cannot only be 

explained by changes in shoe weight or design (Divert et al, 2008). This study, to the best of 

the authors knowledge, is the first of its kind to investigate the effects of familiarisation in 

the SBF running condition with regard to RE. The results provide valuable information on 

the importance of an appropriate transition phase in order to adjust to a new running 

condition.  

Divert et al (2008) and Franz, Wierzbinski and Kram (2012) have proposed that for every 

100g added to the foot, RE is reduced by 1%. Given that the difference in shoe mass of the 
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current study was ~250g, it was surprising that there was no difference in RE at pre-tests 

between the shod and SBR conditions. However, this may be a type II-error as the actual 

suspected difference is within the measuring error for the current method. When 

considering the change over time, it may be proposed that some degree of change must be 

related to physiological adaptations as opposed to biomechanical differences (Saunders et 

al, 2004b). One plausible explanation in this regard is related to the increased mechanical 

movement in the SBR group, associated with greater stride frequency and thus increased 

muscular contractions and ground contacts per minute (Divert et al, 2005a) that may 

improve the neuromuscular adaptations to exercise at a greater rate, similar to the 

improvements observed with plyometric training (Turner, Owings and Schwane, 2003). 

However any physiological changes would also have been observed in the shod condition 

and may not be accountable for the changes observed in the current study. To date, most 

studies have suggested changes in mechanics are the sole reason for any discrepancy in RE 

(Divert et al, 2005a; Squadrone and Gallozzi, 2009; Tseh, Caputo and Morgan, 2008). Given 

that the FSP was observed to change during the familiarisation, (and given that the SBR 

effect size from pre-post was n2=0.062 for SF, which may be considered a reasonable 

change), it may be suggested that the observed difference in RE was as a result of changes 

in running technique.  

One possible causative factor explaining the improved RE observed in the current study, 

may be due to a more effective recovery of elastic energy in the working tendons and 

muscles (Asmussen and Bonde-Petersen, 1974; Bramble and Lieberman, 2004, Divert et al, 

2005a, Saunders et al, 2004b; Kyrolainen, Belli and Komi, 2001) that may be increased as a 

result of a more plantarflexed foot placement and increase in stride frequency (that will 

reduce stride length). Saunders et al (2004b) reported that during the eccentric phase of 

contact, mechanical energy is stored in the connective tissues and this recovery of the 

elastic properties during the concentric phase reduces energy consumption. Additionally, 

the findings of a study by Divert et al (2005a) concluded that higher pre-stretch levels as 

well as reduction in contact time could enhance the stretch shortening cycle behaviour of 

the plantar flexor muscles and thus provide a better storage and recovery of elastic energy. 

Indeed barefoot running mechanics would appear to adopt a more plyometric-type 

movement, that promotes the stretch-shortening cycle (SSC) pattern that has previously 

been shown to improve RE (Turner, Owings and Schwane, 2003) by increasing lower leg 
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musculotendinous stiffness (Spurrs et al, 2003), and increasing knee and ankle angles that 

will increase eccentric load (Divert et al, 2005a). Running in a simulated barefoot condition 

may be more attributable to the barefoot than the shod condition (Squadrone and Gallozzi, 

2009) and thus may result in similar properties. The fact that the shod condition did not 

improve over the familiarisation period may support earlier studies suggesting that leg 

musculotendinous stiffness, stride frequency and ankle plantar flexion is increased as a 

result of increased proprioceptive feedback from the foot as a sensory effect to ground 

surface hardness (Divert et al, 2005a, 2005b, Robbins and Hanna, 1987), in order to actively 

protect the heel from localised pressure and attenuate impact (Saunders et al, 2004b; 

Robbins and Hanna, 1987; Divert et al, 2005b), that does not occur when wearing 

traditional shoes or immediately after removing shoes from the feet. Instead it may be 

reasonable to assume that these changes result as a learned effect. An increased co-

ordination and pre-activation of the dominant running muscles in anticipation of ground 

contact due to increased proprioception in the foot may be responsible for this effect, 

(Bishop et al, 2006; Lieberman et al, 2010; Robbins and Hanna, 1987) that is improved as a 

training effect to barefoot simulated exercise. 

The pre familiarisation difference in RE of 1.05% would appear to be smaller than that seen 

in previous studies when comparing conditions. Hanson et al (2011) reported a 3.8% 

improvement in RE in a barefoot group when compared to shod; Burkett, Kohrt and 

Buchbinder (1985) in an early review identified a 1.3% difference, Franz, Wierzbinski and 

Kram (2012) found no difference, and Squadrone and Gallozzi (2009) reported a 2.8% 

improved RE in the barefoot condition. The discrepancies in values between studies may be 

related to the traditional footwear model being used, treadmill incline, and error associated 

with RE testing (Saunders et al, 2004a), but are most likely as a result of shoe weight 

differences (Divert et al, 2008) or the fact that these participants had received different 

amounts of barefoot experience, in contrast to the current study in which participants had 

no previous experience. Based on these previous findings, it is reasonable to assume that 

improvements in RE appear to be in the region of 1-4% in the barefoot condition acutely.  

The current study findings of a significant change of 6.9% in RE between conditions in 

trained runners following a familiarisation period are much larger than those previously 

reported, however no study to the best of our knowledge has investigated a habituated 

participant group who have previously only ran in traditional shoes. This is a novel finding, 
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in that the effects of a four week familiarisation can increase RE when running SBR by ~6%, 

which cannot be explained exclusively by changes in shoe weight or design (Divert et al, 

2008). Thus biomechanical changes to running technique that occur over time such as a 

greater plantar flexion angle and  minor changes in stride frequency would appear to be key 

contributory factors. Given that training, time of day and testing consistency was 

controlled, the change above 2.4% as noted by Saunders et al (2004a) can be considered a 

reasonable and worthwhile effect that is above typical RE error. 

A novel finding of the current study was the improved RE observed in the shod group at 

post-test.  Given that the participants were trained runners, it was unexpected that the 

shod condition improved by 2.32% between tests. There are several plausible explanations 

for these results; it is most likely that changes occurred as a training effect given that 

presumably all athletes may improve their general level of conditioning during base training 

leading up to the outdoor track season, and measurement error may also be attributable. It 

is also plausible that changes in RE in the shod group occurred as a result of adaptations 

and technical changes in the athletes as a result of the barefoot simulated training. While 

the current study cannot attempt to reject or accept this hypothesis, the concept is an 

exciting area of future research that warrants further investigation. It should be noted that 

the shod condition SF also increased by 0.43% from pre to post tests to the same degree as 

the SBR condition (0.51%) that suggests there was some interaction in technique taking 

place in the shod condition that is likely as a result of SBR. 

Future studies are required to evaluate RE at higher velocities in the barefoot or SBR 

condition, because questions still remain as to the feasibility of racing in this condition at 

higher running velocities both from a biomechanical and physiological perspective. Data 

collection for the current study included measurement of 15km/h, however for 6 

participants this velocity was above the individual lactate threshold (LT) due to the majority 

of participants training for 800/1500m and it was deemed an inaccurate representation of 

RE given that this value does not reach steady state within 6 minutes when above LT, and as 

such the velocity was excluded from examination (Jones and Poole, 2005). For future 

research, it may be appropriate to examine a similar participant group but with enforced 

changes to running technique including transitioning to a forefoot strike pattern and 

shortening stride length, as well as just investigating a naturally forefoot striking group 

compared to a naturally heel striking group of runners. It is also justifiable to provide a 
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more in depth investigation into the biomechanics associated with these changes and their 

relationship to RE. 

 

4.5 Perspective  

 

.ŀǎŜŘ ƻƴ ǘƘŜ ŦƛƴŘƛƴƎǎ ƻŦ ǘƘŜ ŎǳǊǊŜƴǘ ǎǘǳŘȅΣ {.w ǳǎƛƴƎ ±CCΩǎ ŀǇǇŜŀǊǎ ǘƻ ōŜ ŀ ǾŀƭƛŘ ƳŜǘƘƻŘ ƻŦ 

improving running economy, and is particularly enhanced in this regard if time is taken to 

familiarise the runner to barefoot or SBR. The changes in RE are applicable to moderate 

velocities of 11 and 13km/h, yet still warrant further investigation at higher intensities. SBR 

significantly changes running mechanics with regard to FSP and SF that is improved over 

time. It is plausible to recommend that the minimalist footwear used in the current study is 

a valid means of simulating a barefoot running style while providing a 3mm sole for any 

abrasion of the foot on rough surfaces. The findings of the current study suggests that the 

improvements reported for the SBR condition may not be only related to shoe weight or 

design, but that the possible influence of biomechanical and physiological adaptations are 

introduced by the minimalist footwear condition that results in positive changes to RE 

related to chronic use of SBR. 

4.6 Additional Methodological D iscussion  

 

Firstly, in all of our studies we employed an absolute intensity measure of 11km/h 

(with the exception of Study One that also examined other speeds). This method could 

be criticised, since a relative intensity (to either a % ±ɧ02max value or lactate profile) 

would be more appropriate for determining that participants did not employ any slow 

component in their 02 kinetics, or any significant amount of anaerobic contribution to 

the exercise intensity (Brooks, Fahey and White, 1996). However, we have reason to 

believe that the running speed can have an effect on RE differences between footwear 

ŘǳŜ ǘƻ ǘƘŜ άƳŜǘŀōƻƭƛŎ Ŏƻǎǘ ƻŦ ŎǳǎƘƛƻƴƛƴƎέ ƘȅǇƻǘƘŜǎƛǎ όFranz, Wierzbinski and Kram, 

2012). To elaborate, the potential benefits to RE of less mass (and cushioning) may be 

counteracted by the increased energy demands for impact attenuation at higher 

velocities, given that running faster results in greater forces being applied to the floor 

and hence to the lower extremity (Nilsson and Thorstensson, 1989). Our own data 
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(Study One ς Figure 4.6) identified a greater difference in RE between footwear 

conditions at moderate velocities compared to higher velocities, in support of this 

theory. Our research aim was to determine the differences in RE cost between 

conditions for endurance running, and 11km/h has been suggested to be an 

appropriate endurance velocity for moderately trained runners (Hatala et al, 2013), as 

well as the most optimal running velocity for oxygen consumption (Mayhew, 1977). 

Also, the majority of the studies in this area also used a similar absolute intensity (e.g. 

Hanson et al, 2011; Squadrone and Gallozi, 2009; Franz, Wierzbinski and Kram, 2012). 

Whilst we acknowledge that running velocity and its influence on the footwear 

interaction is important, it was beyond the scope of this research to examine further. 

 

Figure 4.6.  The three speeds measured in Study One (11, 13 and 15km/h) comparing 

MFW and CRS with respect to changes from pre to post-tests. Note the absence of any 

difference between conditions at 15km/h. 

Secondly, it has been suggested that the expression of RE as the 02 cost of exercise 

does not take into account the substrates being utilised, and therefore may be a less 

sensitive measure than energy expenditure to changes in speed (Fletcher, Esau and 

MacIntosh, 2009; Shaw, Ingham and Folland, 2014). The respiratory quotient Ŏŀƴ ōŜ 

ǳǎŜŘ ŀǎ ŀƴ ƛƴŘƛŎŀǘƻǊ ƻŦ ǘƘŜ ƳƛȄ ƻŦ ŎŀǊōƻƘȅŘǊŀǘŜ ŀƴŘ Ŧŀǘ ǳǎŜŘ ŀƴŘ ǇŜǊƳƛǘǎ ŎƻƴǾŜǊǎƛƻƴ ƻŦ 

ǘƘŜ ±ɧh2 for a given workload into units of energy (Fletcher, Esau and MacIntosh, 2009).  
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It is thus feasible to suggest energy expenditure expressed as calorific cost may also be 

more sensitive to changes in footwear condition than RE. Therefore we employed the 

Weir Equation (Weir, 1949) for our metabolic data, where; 

ὉὲὩὶὫώ ὉὼὴὩὲὨὭὸόὶὩ ὯὧὥὰϽάὭὲ 6ὕ ὰ ϽάὭὲ ρȢρ Ὑὗ σȢω 

However, the results did not identify any different interpretation of our findings. The 

statistical report and comparison to RE data can be observed in Appendix A. 

Thirdly, we did not subtract resting metabolic rate from the exercising metabolic rate. 

This is because the assumption that resting metabolic rate does not change during 

exercise has not been confirmed, and therefore may detract from the accuracy of our 

ŎƻƳǇŀǊƛǎƻƴǎΦ ¢Ƙƛǎ άōŀǎŜƭƛƴŜ ǎǳōǘǊŀŎǘƛƻƴ ƛǎǎǳŜέ Ƙŀǎ ōŜŜƴ ŘƛǎŎǳǎǎŜŘ ƛƴ {ǘŀƛƴǎōȅ ŀƴŘ 

Barclay (1970). 

 

4.7 Link to Chapter Five  
 

Study One examined changes in RE over a four week period with a MFW transition and no 

feedback or inclusion of the gait-retraining elements as discussed earlier. This study 

identified very large improvements in the metabolic cost of running and suggests that 

familiarisation to MFW may improve performance over just a four week period. It remains 

to be determined if and how these changes will continue to evolve over a longer transition 

period and this will be examined in the next study. The findings of the current study 

suggests that the improvements reported for the MFW condition may not be only related 

to shoe weight or design, but that the possible influence of biomechanical and physiological 

adaptations are introduced by the minimalist footwear condition that results in positive 

changes to RE related to chronic use of MFW. Study Two represents a continuation of this 

research investigating how RE may be influenced by MFW. However this study will also 

include the deliberate gait-retraining as part of the transition. This element remains to be 

examined with respect to RE when combined with MFW use as the deliberate manipulation 

of the running gait may have consequences to metabolic cost. In addition, Study One 

abbreviated MFW as SBR throughout, however recent work by Bonacci et al (2013) has 

identified that MFW running is very different from barefoot running and this is not an 

appropriate abbreviation that has been removed. 
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CHAPTER FIVE 
Study Two 

άEight weeks gait-retraining in minimalist footwear has no effect 

on running economyέ 
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5. Study Two ς άEight weeks gait -retraining  in minimalist 

ÆÏÏÔ×ÅÁÒ ÈÁÓ ÎÏ ÅÆÆÅÃÔ ÏÎ ÒÕÎÎÉÎÇ ÅÃÏÎÏÍÙȱȢ 

Joe P. Warne, Kieran A. Moran, Giles D. Warrington. 

Human Movement Science (IN REVIEW) 

STATEMENT OF CONTRIBUTION: GILES WARRINGTON AND KIERAN MORAN WERE JOINTLY 

INVOLVED IN THE SUPERVISION OF THIS STUDY. 

ABSTRACT 

The purpose of this study was to evaluate the effects of an 8 week combined 

minimalist footwear (MFW) and gait-retraining intervention on running economy (RE) 

and kinematics in conventional footwear runners. Twenty-three trained male runners 

(!ƎŜΥ поҕмл ȅŜŀǊǎΣ ǎǘŀǘǳǊŜΥ мттΦнҕфΦн ŎƳΣ ōƻŘȅ ƳŀǎǎΥ тнΦуҕмлΦн ƪƎΣ ±ɧл2max: 56.5±7.0 

mL·min-1·kg-1) were recruited. Participants were assigned to either an intervention 

group (n=13) who gradually increased exposure to MFW and also implemented gait-

retraining over an 8 week period. RE and kinematics were measured in both MFW and 

conventional running shoes (CRS) at pre-tests and 8 weeks, in a random order. In 

contrast the control group (n=10) had no MFW exposure or gait-retraining and were 

only tested in CRS. The intervention had no effect on RE when using either MFW or 

CRS (p Җ 0.00). However, RE was significantly better in MFW (mean difference 2.72%; 

p=0.002) at both pre and post-tests compared to CRS. Stride frequency increased as a 

ǊŜǎǳƭǘ ƻŦ ǘƘŜ ƛƴǘŜǊǾŜƴǘƛƻƴ όҌоΦнс҈Τ Ǉ Җ лΦллύΣ ŀƴŘ ǿŀǎ ŀƭǎƻ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ƛƴ aC² 

ǾǎΦ /w{ όоΦтф҈Τ Ǉ Җ лΦллύΦ Whilst a better RE in MFW was observed when compared to 

CRS, familiarisation to MFW with gait-retraining was not found to influence RE. 

 

5.1 Introduction  

 

Recent scientific interest in barefoot and minimalist running has resulted in an 

increasing body of research in this area in relation to running performance (e.g. Divert 

et al, 2008; Hanson et al, 2011; Perl, Daoud and Lieberman, 2012; Squadrone and 

Gallozzi, 2009; Warne and Warrington, 2014). In a homogenous group of runners, 
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running economy (RE) has been considered a strong predictor of endurance 

performance (Lucia et al, 2006). With regard to footwear, several studies have 

reported significant differences in RE between barefoot or minimalist footwear when 

compared to conventional footwear (Divert et al, 2008; Perl, Daoud and Lieberman, 

2012; Squadrone and Gallozzi, 2009; Lussiana et al, 2013; Warne and Warrington, 

2014) and so it appears that changing footwear may be a means to influence 

performance. 

 

Despite these reported improvements in RE, only limited research has investigated the 

process and effects of the footwear transition in athletes when moving from habitual 

conventional running shoe wear into minimalist or barefoot running, as this is now a 

popular trend among runners (Rothschild, 2012b). Rather, the findings of the majority 

of studies are based on results from acute interventions or using previously habituated 

barefoot or minimalist runners (Divert et al, 2008; Hanson et al, 2011; Perl, Daoud and 

Lieberman, 2012; Squadrone and Gallozzi, 2009; Lussiana et al, 2013). Recently 

published data by our research group observed significant improvements in running 

economy (8.09%) following a four week familiarisation to minimalist footwear (MFW) 

with no gait-retraining, when compared with conventional running shoes (CRS) (Warne 

and Warrington, 2014). This study did not include any suggestions for changes in the 

running gait, but recently some authors have recommended the use of a barefoot 

running style (gait-retraining) in light of purported benefits to RE and a reduction in 

injury risk (Jenkins and Cauthon, 2011; Goss and Gross, 2013), largely in combination 

with the use of MFW, but also just in CRS (Goss and Gross, 2013). Gait-retraining has 

now become a popular intervention for runners (Goss and Gross, 2013; Dallam et al, 

2005; Fletcher, Esau and MacIntosh, 2008) and manufacturers (www.merell.com), 

although long term prospective studies are still required. This gait-retraining proposes 

increasing stride frequency and adopting a mid or forefoot strike pattern (Goss and 

Gross, 2013; Fletcher, Esau and MacIntosh, 2008), but these factors examined 

individually or in combination have been found to have no effect on RE (Ardigo et al, 

1995; Gruber et al, 2013a; Fletcher, Esau and MacIntosh, 2008). To date, there are no 

reported studies that have examined if the use of both a gait-retraining intervention 

and MFW transition can influence RE.   
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The aims of the present study were therefore twofold; 1) to determine the effects of a 

combined 8 week MFW and gait-retraining intervention on RE and simple kinematic 

changes (stride frequency and foot strike patterns) when compared to a control group 

in CRS with no intervention; 2) to examine if differences exist in RE and kinematics 

between MFW and CRS, both before and after exposure to the MFW and gait-

retraining intervention.  

 

5.2 Methods 
 

5.2.1 Participants : Twenty three moderately trained male runners (!ƎŜΥ поҕ мл ȅŜŀǊǎΣ 

ǎǘŀǘǳǊŜΥ мттΦн ҕ фΦн ŎƳΣ ōƻŘȅ ƳŀǎǎΥ тнΦу ҕ млΦн ƪƎΣ ±ɧл2max: 56.54 ± 6.97 mL·min-1·kg-1) 

were recruited from local athletic clubs. Participants typically ran 4-6 days per week 

with a mean weekly running distance of 52 (±10) km at the time of the study. 

Participants were excluded if they had reported any running related injuries in the last 

three months, or had previous barefoot or minimalist running experience. Only male 

athletes were used to eliminate gender differences in running mechanics (Ferber, 

Davis and Williams, 2003).  All participants had previous experience with treadmill 

running. The participants gave informed consent at the beginning of testing. Ethical 

approval for this study was granted by the Dublin City University Research Ethics 

Committee. 

5.2.2 Experimental design :  Twenty three participants were recruited for the study 

and were randomly assigned into 2 groups (Table 5.2.2). Group 1: the intervention 

group comprised of 13 participants. This group was tested in both MFW and CRS at 

pre-test  and 8 weeks (post), and were required to gradually increase exposure to 

MFW as well as incorporate gait-retraining into their running over this period (The 

MFW and gait-retraining will be summarised as MFW). Group 2: the control group 

consisted of 10 participants, and were only tested in the CRS condition. This was in 

order to control for any potential learning effects related to the tests, or changes 

related to training season. In this regard participants were tested during the summer, 

and this would be considered a competitive period during the year. The control group 








































































































































































































































