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ABSTRACT 

Fall related injuries are a major public health concern due to their high associated medical costs 

and negative impact on quality of life. Obese and older adults are reported to fall more frequently 

than their normal-weight and young counterparts. To help identify potential mechanisms of these 

falls the purpose of the research within this dissertation was to investigate the effects of obesity 

and age on the likelihood of tripping and subsequent balance recovery.  

Four experimental studies were conducted. The purpose of the first study was to investigate the 

effects of obesity, age and gender on the likelihood of tripping during level walking. Likelihood 

of tripping was assessed with median minimum foot clearance (MFC) and MFC interquartile 

range (IQR). Obesity did not increase the likelihood of tripping suggesting the increased rate of 

falls among obese adults is not likely due to a greater likelihood of tripping over an unseen 

obstacle. Additional results suggested females and individuals of shorter stature have an 

increased likelihood of tripping compared to their male and taller counterparts.  

The purpose of the second study was two-fold. First, the effects of load carriage and ramp 

walking on the likelihood of tripping were investigated, followed by investigating the effects of 

age and obesity on the likelihood of tripping during load carriage and ramp walking. Again, 

likelihood of tripping was assessed with median MFC and MFC IQR.  Load carriage increased 

the likelihood of tripping during both level and ramp walking and obesity and age increased the 

likelihood of tripping during selected combinations of load carriage and/or ramp walking. These 
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results suggest that the increased rate of falls during load carriage and the increased rate of falls 

among obese and older adult workers reported elsewhere may be due in part to an increased 

likelihood of tripping. 

The third study proposed a new method for investigating the likelihood of tripping as a function 

of obstacle height. The proposed method aimed to clear up ambiguous results often encountered 

when using MFC central tendency and variability to quantify likelihood of tripping. The method 

used trip probability curves and a statistical bootstrapping technique to compare trip probability 

at specific obstacle heights between groups of interest. An additional benefit of this method was 

that it was able to identify effects of factors not identifiable by the commonly used ANOVA 

analysis using MFC central tendency and variability.  

The purpose of the fourth study was to investigate the effects of obesity, age and gender on 

balance recovery following a lab induced trip perturbation. Measures of balance recovery 

included fall rate, stepping strategy and characteristics, and trunk kinematics. Obese, older, and 

female adults fell more frequently after tripping and this higher fall rate may help explain the 

higher fall rates among obese, older and female adults reported elsewhere. Failed recoveries 

were associated with higher peak trunk angles and angular velocities in addition to the use of a 

lowering strategy. Obese, older, and female adults had higher peak trunk angles and angular 

velocities and older adults and females used lowering strategies more often. These alterations in 

trunk kinematics and stepping strategy may have contributed to the higher fall rate among these 

individuals.  
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Chapter 1: Overview 

 

1.1 Research Problem 

Fall-related injuries are a major public health problem in the United States due to high associated 

medical costs (Bruce et al. 1992) and negative impact on quality of life (WHO 2007). Additionally, 

in occupational settings, falls are a significant cause of morbidity and mortality among workers 

(Kemmlert and Lundholm 2001, Layne and Pollack 2004, Leamon and Murphy 2010). Two major 

demographic trends threaten to exacerbate the scope of this problem. First, the prevalence of 

obesity in the U.S. has dramatically increased over the last few decades, from 22.9% in 1988-1994 

to 30.5% in 1999-2000 (Flegal et al. 2002). Second, the number of adults aged 65 and over in the 

U.S. is projected to more than double from 2010 to 2050, to a total of 88.5 million (Vincent and 

Velkoff 2010). As such, the number of older and/or obese workers in the US is rapidly growing. 

This is problematic because individuals who are obese are reported to fall more frequently (27% 

vs. 15% annual fall rates) (Fjeldstad et al. 2008) and have a higher probability of sustaining fall 

related injuries compared to non-obese (Finkelstein et al. 2007), and adults age 65 and over 

experience a higher rate of annual falls (28-35%), and approximately 10-20% of these falls cause 

serious injuries (WHO 2007). 

 

Although it has been shown that both age and obesity effect fall frequency, it is not clear whether 

the effect is due to an increased risk of losing balance, an impaired ability to recovery balance 

without falling or both. Several biomechanical studies have observed the effect of age and obesity 

on gait alterations and balance (Murray et al. 1969, Winter et al. 1990, Spyropoulos et al. 1991, 

Cho et al. 2003, De Vita and Hortobágyi 2003).  How these alterations effect fall risk in obese and 
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older obese adults has received little attention. We hypothesize that obesity and the age/obesity 

interaction will adversely affect the likelihood of falling and the ability to recover balance from a 

fall. 

 

This study will focus solely on trip perturbation as they account for 35-53% of falls among older 

adults (Berg et al. 1997, Blake et al. 1998) and falls from tripping account for 18% of injuries 

and 25% of workers compensation payments (Lipscomb et al. 2006). The purpose of the study 

will be to assess the effects of obesity and age on the likelihood of tripping and the subsequent 

balance recovery. Such information is important to devise effective fall prevention strategies and 

to aid in the development of inclusive safety standards and engineering controls that could 

potentially reduce the number of occupational fall related injuries.   

 

1.2 Document Organization 

This document is organized into 7 chapters. Chapter 2 is a literature review which first examines 

public health concerns associated with obesity and aging then transitions to gait alterations and 

consequent effects on fall risk that occur in obese and older adults. The review will then 

specifically address measures of likelihood of tripping and the biomechanics of trip recovery in 

addition to reviewing several studies focused on trip related falls. Chapter 3 entitled  “Minimum 

foot clerance during overground walking is lower among females but not affected by obesity” 

will present the first study which used human subject experiments to examine the likelihood of 

tripping during overground level walking. The effect of age on the likelihood of tripping during 

overground walking has been exhaustively studied. As such, this study focuses mainly on the 
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effects of obesity in addition to the effects of gender which, to the best of our knowledge, has yet 

to be examined. Study two will be presented in Chapter 4; “The effects of obesity and age on 

minimum foot clearance during occupationally relevant tasks” where likelihood of tripping will 

be investigated through human subject experiments that involve simulation of occupational tasks 

such as load carriage, and ramp walking. Chapter 5 entitled “A bootstrapping method to assess 

the influence of age, obesity, gender, and gait speed on probability of tripping as a function of 

obstacle height” will present an original method that can be used quantify the probability of 

tripping as a function of obstacle height and statistically compare this probability between levels 

of independent variables. The final study, entitled “Obesity and advanced age increase fall rate 

following a laboratory-induced trip”, will be presented in Chapter 6. This study examines the 

biomechanics of trip recovery using human subject experiments. Lastly, Chapter 7 will 

summarize the findings and present ideas for the future direction of this research.  
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Chapter 2: Introduction 

2.1 Obesity and Aging: Public health concerns  

Obesity is a major public health concern in the United States (U.S.). According to the World 

Health Organization, obesity is a disease that impairs health due to abnormal or excess body fat, 

and is typically defined as having a body mass index over 30 kg/m2 (WHO 2000). Obesity is 

associated with numerous health conditions such as cardiovascular disease, musculoskeletal 

disorders, and hypertension, and the cost of health care for individuals who are obese is 

approximately 40% higher than those of non-obese  (WHO 2000, Finkelstein et al. 2007). The 

prevalence of obesity in the U.S. has gone through several periods of dramatic increase. For 

example, prevalence increased from 22.9% in 1988-1994 to 30.5% in 1999-2000  (Flegal et al. 

2002). Although this rise has begun to level off, and even decline in some demographic 

populations (Flegal et al. 2010, Ogden et al. 2012, Ogden et al. 2014),   there is still grave public 

health concern as prevalence remains high. In 2011-2012 approximately 68.5% of adults were 

either overweight or obese (30>BMI> 25 kg/m2),  34.9% were obese (BMI> 30 kg/m2) and 6.4% 

were extremely obese  (BMI> 40 kg/m2) (Ogden et al. 2014).        

 

An additional public health concern in the U.S. is the rapid growth of the number of adults aged 

65 and older.  From 2000 to 2030 the population of older adults is expected to increase from 25 

million to 72 million (Statistics 2012). Many health concerns that are prevalent among 

individuals who are obese, such as hypertension, musculoskeletal disorder and heart disease, are 

also widespread in older adults (Statistics 2012). This is problematic because the prevalence of 

obesity also increase with age (Wang and Beydoun 2007). Adults aged 60 and older have a 
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higher odds ratio for obesity (1.35 males and 1.26 females) compared to adults aged 20-39 

(Flegal et al. 2010) and although the growth in the prevalence of obesity has slowed in some 

demographic groups, the prevalence for women aged 60 and older still shows significant 

increases from 31.5 % in 2003-2004 to 38.1 % in 2011-2013 (Ogden et al. 2014).  

 

The increasing prevalence of obesity and older adults aged 65 and older are greatly influencing 

labor force demographics. In the U.S. the number of obese workers increased approximately     

20% between 1988-1994 and 1999-2000 (Hertz 2000), and currently 28% of workers are 

considered obese (Luckhaupt et al. 2014). Additionally, over the past 20 years adults over the 

age of 70 have shown a 3.2% (males) and 4.1% (females) increase in labor force participation 

(Kromer and Howard 2013). This poses an additional public health concern because individuals 

who are obese have a higher odds ratio (1.44) for falling in occupational settings (Swaen et al. 

2014) and older adults  have a higher rate of reported fall accidents (Kemmlert and Lundholm 

2001).  

 

2.2 Obesity and Aging: Falls and injury 

Fall-related injuries are extremely problematic because of their high associated medical costs and  

negative impact on quality of life  (Bruce et al. 1992). The increased risk of falls among obese 

and older adults is not exclusive to occupational settings. In general, individuals who are obese 

fall more frequently (27% vs. 15% annual fall rates) (Fjeldstad et al. 2008), and have a higher 

odds ratio for falling (1.12-1.34), compared to normal-weight adults (Himes and Reynolds 2012, 

Patino et al. 2010 ). Individuals who are obese are also more likely to sustain a fall-related injury 
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compared to normal-weight counterparts (Finkelstein et al. 2007),  and falls are the most 

common cause of hospitalization injuries among these individuals (Matter et al. 2007). Falls and 

fall-related injuries are also commonly associated with increased age.  Approximately 28-35% of 

adults aged 65 and over fall each year and this increases to 32-42% for those aged 70 and over 

(WHO 2007) . In 2010 fall-related injuries in older adults accounted for 2.3 million emergency 

department visits and approximately 662,000 of these visits led to hospitalization (CDC).  

 

2.3 Risk factors for falling 

Risk factors for falling are generally classified as intrinsic or extrinsic. Where intrinsic risk 

factors pertain to the physical and mental status of the individual and extrinsic risk factors 

pertain to the interface between the individual and the environment (Close et al. 2005). Intrinsic 

risk factors for falls include gait and musculoskeletal alterations. Whether the gait and 

musculoskeletal alterations associated with obesity and aging are risk factors for falls has been 

paradoxical. Individuals who are obese have been shown to display several spatial and temporal 

gait alterations such as; a significant decrease in walking speed, step length, and step frequency 

in addition to a longer stance phase   (Spyropoulos et al. 1991, De Vita and Hortobágyi 2003). 

Close et al. (2005) reported that decreases in all the aforementioned gait parameters are 

associated with an increased risk for falls (Close et al. 2005).  Additionally, there are reports of 

decreased strength and power relative to body mass in individuals who are obese (Hulens et al. 

2001, Lafortuna et al. 2005, Maffiuletti et al. 2007) and reduced muscle strength has been shown 

to be a significant risk factor for falling (Pijnappels et al. 2005, Rubenstein 2006, Pijnappels et 

al. 2008). On the other hand, obese individuals are reported to walk with a more erect posture 
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(De Vita and Hortobágyi 2003),  have smaller hip flexion angles throughout the swing phase, 

greater periods of double support time (Spyropoulos et al. 1991), and increased step width 

(Spyropoulos et al. 1991, De Vita and Hortobágyi 2003, Ko et al. 2010) all of which are 

associated with an increase in dynamic stability and hence a decrease in risk of falling.  

 

Several gait and musculoskeletal alteration in obese individuals also appear in the older adult 

population. Older adults have been reported to have a shorter step length, increased step width 

and decreased stance and double support time (Murray et al. 1969, Gillis et al. 1986, Winter et al. 

1990) and there is a significant decrease in strength and power generation associated with aging 

(Dean et al. 2004, Savelberg and Meijer 2004, Goodpaster et al. 2006). Additionally, older obese 

adults have been reported to walk slower and show an increase in step width compared to older 

normal weight adults  (Ko et al. 2010).   

 

Extrinsic risk factors for falling include environmental hazards and performance of hazardous 

activities such as, uneven terrain, slippery surfaces, ramp negotiation and load carriage (Cohen 

and Compton 1982, Courtney and Webster 2001, Swaen et al. 2014). Many of these risk factors 

are common in occupational environments and contribute to the high rate of falls in occupational 

settings (Kemmlert and Lundholm 2001, Layne and Pollack 2004, Leamon and Murphy 2010).  

Fall risk increases with increasing number of risk factors. The risk of falling in community 

dwelling adults with no risk factors was 70% lower than those with four or more risk factors 

(Tinetti et al. 1988). As such, for obese and older individuals, a combination of intrinsic risk 

factors associated with gait and musculoskeletal alteration, and extrinsic risk factors such as 
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those reported in occupational settings is a potential cause for concern especially considering the 

recent change in labor force demographics.   

 

2.4 Likelihood of tripping 

An estimated 35-53 % of falls among adults aged 65 and over are due to tripping (Berg et al. 

1997, Blake et al. 1998).  A common risk factor for tripping has been associated with the 

minimum foot clearance (MFC) between the bottom of the shoe/foot and the walking surface 

near mid-swing (Winter 1992). Both a smaller mean/median MFC and a higher MFC variability 

(e.g. standard deviation and interquartile range) are associated with an increased likelihood of 

tripping (Winter et al. 1990, Begg et al. 2007, Mills et al. 2008). Although not as common, the 

direction of skewness in a MFC distribution has also been used as an indicator of likelihood of 

tripping where positive skew, such that MFC values are concentrated at the lower end of the 

distribution, is associated with an increased likelihood of tripping (Begg et al. 2007).  

Additionally, a novel method has been presented by Best and Begg (2008) that utilized 

mean/median, MFC variability and skeweness to predict the probability of tripping at specific 

obstacle heights.  

 

The effects of obesity on measures of MFC have received little attention. Individuals who are 

obese are reported to have altered gait kinematics such as smaller peak knee and hip flexion 

during the swing phase of gait, and more ankle dorsiflexion at mid-swing (Spyropoulos et al. 

1991). MFC is sensitive to lower limb joint angles with most sensitivity at the ankle joint 

(Moosabhoy and Gard 2006) where dorsiflexion has been identified as a substantial joint motion 
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that can increase MFC (Begg and Sparrow 2006, Moosabhoy and Gard 2006). Fundamentally, it 

would seem likely that obesity would affect measures of MFC. To the best of our knowledge, the 

only studies reporting measures of MFC in obese individuals have found no significant obesity 

related effects (Matrangola et al. 2011, Garman et al. 2014).  

 

The effects of aging on measures of MFC have been studied extensively, however, results are 

somewhat inconsistent. Eight of nine studies reviewed by Barrett et al. (2010) found no age-

related differences in mean/median MFC, however others have reported higher mean MFC 

values among older adults (Murray et al. 1969, Menant et al. 2009, Garman et al. 2014). Several 

studies have also reported higher MFC variability among older adults (Begg et al. 2007, 

Khandoker et al. 2008, Mills et al. 2008, Sparrow et al. 2008) while others have reported none 

[47].     

 

MFC has also been shown to be affected by several other factors including, walking surface, gait 

speed, and shoe sole geometry.  Walking surface has been shown to increase MFC variability, 

and mean/median MFC  is 16-48% higher during overground walking compared to treadmill 

walking (Nagano et al. 2011) and 58% higher while walking over uneven terrain (Menant et al. 

2009). With respect to gait speed,  MFC has an increased variability (Garman et al. 2014) and 

mean/median MFC increases approximately 0.3-0.44 cm per every 1 m/s increase in walking 

speed (Schulz 2011, Garman et al. 2014). With respect to shoe characteristics, mean/median 

MFC  increases with  toe height, (the upward curvature of the shoe at the tip of the toe) (Thies et 
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al. 2011), and heel height (Menant et al. 2009) and decrease with collar height (Menant et al. 

2009).   

 

There are issues that warrant discussion when using measures of MFC as indicators for 

likelihood of tripping.  Indirect measures of likelihood of tripping such as mean/median MFC 

and MFC variability can lead to ambiguous results when both increase and decrease 

simultaneously.  For example, reports have indicated a  larger median MFC and MFC 

interquartile range during overground walking compared to treadmill walking (Nagano et al. 

2011) and a larger median MFC and MFC interquartile range within the non-dominant leg and at 

faster gait speeds (Garman et al. 2014). In fact, multiple studies have reported a positive 

correlation between median MFC and MFC interquartile range (Begg et al. 2007, Garman et al. 

2014) making ambiguous results fairly common. Begg et al. (2007) contributes this to a safety 

mechanism whereby a low median MFC will be compensated by a low interquartile range for.  

 

Additionally, MFC only captures a single instant in time during swing, and a trip can occur at 

any point during the swing phase (Best and Begg 2008). MFC is traditionally used because trips 

occurring at the point of MFC can require greater physical demands to recover balance without 

falling due to the high forward velocity of the toe and the combination of the center-of-gravity 

location and the body’s forward momentum (Winter 1992).  The only study to our knowledge 

that has evaluated this general idea however, showed no effect of gait phase of trip on the odds 

ratio for falling after a trip (Pavol et al. 1999). Secondly, to the best of our knowledge, no studies 

have correlated MFC measures (or any measures of trip probability) with actual trip occurrence.   
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2.5 Trip recovery 

The ability to recover balance following a trip is dependent on arresting the body’s angular 

momentum induced by contact with a trip obstacle. Trip recovery has been examined extensively 

in the young adult populations (Eng et al. 1994, Grabiner et al. 1996, Schillings et al. 2000, 

Smeesters et al. 2001, Pijnappels et al. 2005).  There are typically two recovery strategies, 

dependent on the phase of perturbation in the step cycle, used to counteract the body’s forward 

rotation following a trip.  Early swing perturbations typically elicit an elevating strategy in which 

the swing limb (perturbed limb) is lifted over the obstacle, while late swing perturbations elicit a 

lowering strategy in which the swing limb is rapidly placed in front of the obstacle while the 

contralateral stance limb is lifted over (Eng et al. 1994, Schillings et al. 2000). Mid-swing 

perturbations can elicit both elevating and lowering strategies (Schillings et al. 2000).   

 

During recovery using an elevating strategy, both the stance limb (support limb) (Pijnappels et 

al. 2004) and swing limb (Grabiner et al. 1996) have been reported to play crucial roles in 

arresting the body’s forward rotation. The support limb has been reported to elevate the body to 

increase the height of the COM thus providing time and clearance for strategic placing of the 

swing limb (Eng et al. 1994, Pijnappels et al. 2004). While the swing limb, upon impact, 

provides vertical, anterior and posterior ground reaction forces that helps retard the rotation of 

the entire body (Grabiner et al. 1996). This is accomplished through stance limb ankle 

planterflexion and extension of the hip and knee, and swing limb ankle dorsiflexion and flexion 

of the  hip and knee (Eng et al. 1994).  
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Recovery using a lowering strategy involves rapid movement through  inhibitory and excitatory 

responses (Eng et al. 1994, Schillings et al. 2000). In contrast to early swing perturbations, late 

swing perturbations occur when the center of mass of the body is anterior to the stance limb 

posing a greater threat for a fall. As such, recovery attempted using an elevating strategy (e.g. 

lifting the swing limb during an unstable single stance phase) during a late swing perturbation 

could result in a fall.  Use of the lowering strategy produces a period of double support creating 

an intermediate position from which recovery responses can be initiated (Eng et al. 1994). As 

with the elevating strategy, the limb elevated over the obstacle provides ground reaction forces 

upon impact that assists in arresting the body’s angular velocity.  Common among both 

strategies, an essential component to recovery is reduction of trunk flexion through voluntary 

activation processes of the hip/trunk extensors (Grabiner et al. 1996).  Although the two recovery 

strategies are biomechanically different they both involve a strong collaboration between all 

lower limb joints to arrest the body’s forward rotation.  

 

Several studies have examined risk factors associated with failed recovery following trip 

perturbations. Examination of gait characteristics in older adults prior to a trip perturbation 

revealed rapid stepping, and increased walking speed and step length are associated with an 

increased likelihood of falling during a trip. Step width, average trunk flexion and phase of gait 

showed no effect (Pavol et al. 1999). Strength and reaction time have also been shown to be a 

limiting factor for recovery (Schillings et al. 2000, Pavol et al. 2001, Pavol et al. 2002, 

Pijnappels et al. 2008). Schilling et al. (2000) subjected participants to trips of increasing 
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durations.  The average threshold trip duration was significantly lower in participants with 

decreased strength and delayed reaction time (Schillings et al. 2000). Additionally, whole leg 

extension strength, measured by maximum isometric push-off force, is reported to identify fallers 

from non-fallers during early swing perturbations (Pijnappels et al. 2008).   Pavol et al. (2001) 

examined risk factors for falling specific to recovery strategy (elevating or lowering).  Failed 

recovery eliciting a lowering strategy was associated with faster walking speed, delayed support 

limb loading and a more anterior head-arms-torso center of mass at the time of trip while failed 

recovery eliciting an elevating strategy was associated with faster walking speed, and excessive 

lumbar flexion (Pavol et al. 2001) .  

 

The effects of obesity on trip recovery have received little attention. To the best of our 

knowledge, the only study examining the effects of obesity on trip recovery showed that rate of 

falls was higher and a majority of obese fallers were not able to initiate or complete the recovery 

step,  however there was no significant increase in fall risk (Rosenblatt and Grabiner 2012).  

Certain factors associated with individuals who are obese would seemingly put them at a greater 

risk for falling.  Matrangola (2011) examined single step recovery during “trip-like” 

perturbations. The perturbation increased the body’s forward angular velocity through an abrupt 

halt of a moveable platform. The maximum platform speed which balance was recovered was 

13.3% lower in individuals that are obese indicating a reduced ability to recovery balance 

compared to normal-weight counterparts while walking at similar speeds (Matrangola 2011). 

Additionally, obese individual have been reported to have lower strength and power relative to 

body mass (Hulens et al. 2001, Lafortuna et al. 2005, Rosenblatt and Grabiner 2012) and an 

anterior shift in the whole body center of mass location (Corbeil et al. 2001).  
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The effects of aging on trip recovery have been extensive (Pavol et al. 1999, Pavol et al. 1999, 

Pavol et al. 2002, Van den Bogert et al. 2002, Pijnappels et al. 2004, Pijnappels et al. 2004, 

Pijnappels et al. 2005, Pijnappels et al. 2008, Pijnappels et al. 2008). The ability to recover 

balance has been shown to be lower in older adults (Pijnappels et al. 2008), with likely limiting 

factors of decreased strength in the lower limbs (Pavol et al. 2002, Pijnappels et al. 2008), slower 

rate of moment generation (Pijnappels et al. 2004), and increased response time (Van den Bogert 

et al. 2002, Pijnappels et al. 2004, Pijnappels et al. 2004). 

2.6 Summary 

The prevalence of obesity and the increase in the aging population in the U.S. is triggering a 

severe public health problem. Obesity and aging are associated with increased risk of falls and 

subsequent injuries associated with those falls. Moreover, prevalence of obesity and the increase 

in the aging population has caused a demographic shift in the U.S. labor force and falls are 

extremely prevalent and the most common cause of injuries in occupational settings. As such the 

safety and quality of life for obese and older adults is of grave concern. The purpose of this paper 

is to better understand the underlying factors related to likelihood of fall initiation and failed 

recovery in obese and older obese individuals leading to a possible reduction in the number of 

fall related injuries. This will be accomplished by examining the effects of obesity and age on 

likelihood of tripping during level walking (Chapter 3) and occupationally relevant tasks 

(Chapter 4), and creating and evaluating a new method to better quantify likelihood of tripping 

and increase its functionality as an aid in adjustment and development of trip-related safety 

standards (Chapter 5).  Additionally the effects of obesity and age on balance recovery following 
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a trip perturbation will be examined (Chapter 6) and factors associated with failed recovery will 

be observed. These results could potentially contribute to the development of intervention 

techniques to improve balance recovery in obese and older adults. 
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Chapter 3: Minimum foot clearance during overground walking is lower among females 

but does not differ with obesity 

 

3.1 Abstract 

Obese adults and females are reported to fall more frequently than their normal-weight and male 

counterparts.  To help identify potential mechanisms of these falls, this study investigated the 

effects of obesity and gender on minimum foot clearance during overground walking.  Minimum 

foot clearance has been associated with the likelihood of tripping.  Both young and older adults 

were investigated in the event that the effects of obesity and gender were affected by age.  Four 

groups of participants (20 young normal-weight; 19 young obese; 21 older normal-weight; and 

18 older obese) walked along a 10-meter walkway at a self-selected speed.  Median minimum 

foot clearance was unaffected by obesity and age, was 21.0% lower among females, and was 

24.6% higher in the non-dominant leg.  There was also a positive correlation between median 

minimum foot clearance and body height. The interquartile range of minimum foot clearance 

was not affected by obesity, gender, or age, but was 72.2% higher in the non-dominant leg.  

These results suggest that the likelihood of tripping is not substantially influenced by obesity, but 

is higher among females and may contribute to their increased fall risk.  Results also suggested 

that likelihood of tripping increases as body stature decreases. 

 

3.2 Introduction 

 

An estimated 27% of adults characterized as obese fall each year, compared to 15% of adults 

characterized as normal-weight (Fjeldstad et al. 2008). Individuals characterized as obese are 

also more likely to sustain a fall-related injury compared to normal-weight individuals 
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(Finkelstein et al. 2007), and falls are the most common cause of injuries requiring 

hospitalization among these individuals  (Matter et al. 2007).  This is problematic because the 

prevalence of obesity in the U.S. has dramatically increased over the last few decades, from 

22.9% in 1988-1994 to 30.5% in 1999-2000. The higher rate of falls among obese individuals 

may be due to altered gait kinematics increasing the likelihood of tripping (Spyropoulos et al. 

1991, Cho et al. 2003, Ko et al. 2010). For example, obese adults exhibit a decrease in walking 

speed, and step length (De Vita and Hortobágyi 2003, Lai et al. 2008, Ko et al. 2010) in addition 

to  smaller knee and hip flexion angles throughout the swing phase of gait, and greater ankle 

dorsiflexion at mid-swing (Spyropoulos et al. 1991). Gait speed, and hip, knee, and ankle angles 

influence the minimum foot clearance (MFC) during the swing phase of gait (Schulz 2011).  

MFC has been associated with the likelihood of tripping, with a smaller mean/median MFC and 

a higher MFC variability (e.g. standard deviation and interquartile range) both being associated 

with an increased likelihood of tripping (Winter et al. 1990, Begg et al. 2007, Mills et al. 2008). 

To our knowledge, no studies have directly investigated the effects of obesity on MFC.  

 

Females are 58% more likely than males to suffer a nonfatal fall-related injury (Ambrose et al. 

2013), and females 65 years and older account for 71% of emergency department visits for 

unintentional fall injuries (Stevens 2005). As with obesity, this higher rate of falls may be due, in 

part, to an increased likelihood of tripping. Gender differences in gait have been inconsistently 

reported in the literature (Nigg et al. 1994, Kerrigan et al. 1998, Cho et al. 2003). Cho et al 

(2004) reported that females walked significantly slower than males and expended less energy 

for propulsion during push off, whereas Kerrigan et al. (1998) showed equivalent gait speed and 
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greater propulsive energy during push off in addition to greater hip flexion and less knee 

extension prior to foot strike.  As such, it is unclear if MFC differs between genders.  

 

The purpose of this study was to investigate the effects of obesity and gender on MFC during 

overground walking. Because an estimated 35-53% of falls among older adults aged 65 and over 

are due to tripping (Berg et al. 1997, Blake et al. 1998), and the effects of obesity and gender 

may differ with age, we included both young and older adults. Effects of body height, leg, and 

gait speed were also investigated based upon their potential to influence the differences related to 

obesity and gender. We hypothesized: 1) obese adults would exhibit a smaller MFC than normal-

weight adults, and 2) females would exhibit a smaller MFC and/or greater within-subject MFC 

variability. These hypotheses were based upon previously reported gait alterations associated 

with obesity, and evidence indicating a higher rate of falling among individuals who are obese 

and females. Results from this study can help determine whether the previously-reported higher 

rate of falls among obese adults and females is related to a greater likelihood of tripping.   

 

3.3 Methods  

Seventy-eight participants completed the study including 20 young (age 18-30 years) normal-

weight (body mass index, or BMI 18-24.9 kg/m2) adults, 19 young obese (BMI 30-40 kg/m2) 

adults, 21 older (age 60-80 years) normal-weight adults, and 18 older obese adults (Table 1).  

Participants were recruited from the university and local community populations using paper and 

electronic advertisements.  None of the participants reported experiencing more than a 2.3 kg 

change in body mass over the six months prior to testing, or any musculoskeletal, neurological, 

or balance disorders that affected their gait. The study was approved by the university 
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Institutional Review Board, and all participants provided written informed consent prior to 

participation.  

 

Table 3.1: Participant demographics, gait speed and step length (mean ± standard deviation). 

Note: NW = normal-weight group, OB = obese group, F = female, M = male 

 Young   Older  

  NW    OB     NW    OB 

Sample Size 
F: (n=10)  F: (n=9)     F: (n=6)   F:  (n=5)  

M: (n=10) M: (n=10)   M: (n=8)   M: (n=6) 

Age (years) 
F:  24.4 ± 3.4 F: 24.8 ± 2.8   F: 66.8 ± 4.9 F: 65.6 ± 5.5 

M: 23.8 ± 3.2 M: 21.9 ± 2.5   M: 65.8 ± 4.6 M: 74.3 ± 6.1 

BMI (kg/m^2) 
F: 23.1 ± 2.2 F: 34.0 ± 3.5   F: 23.8 ± 2.0 F: 33.1 ± 2.0 

M: 21.2 ± 1.7 M: 33.2 ± 3.1   M: 24.5 ± 1.4 M: 31.5 ± 1.7 

H eight (cm) 
F: 166.8 ± 6.0 F:163.9 ± 4.8   F: 161.4 ± 8.1 F: 163.7 ± 11.6 

M: 175.4 ± 4.7 M: 178.3 ± 5.6   M: 179.6 ± 8.1 M: 178.6 ± 8.3 

Gait Speed (m/s) 
F: 1.31 ± .18 F: 1.26 ± .26   F:1.34 ± .18 F:1.21 ± .06 

M: 1.26 ± .14 M: 1.30 ± .16   M:1.36 ± .22 M:1.21 ± .15 

Step Length (cm)  
F: 64.2 ± 5.2 F: 61.0 ± 3.3   F:  64.1 ± 5.2 F: 58.8 ± 2.7 

M: 63.0 ± 5.3 M: 66.0 ± 4.9   M: 67.4 ± 6.6 M: 65.7 ± 4.8 

 

Participants completed a single experimental session involving eight walking trials.  These trials 

were done at a self-selected speed on a 10-meter walkway covered in vinyl tiles. Analysis of 

each walking trial used data from the swing phases of both the dominant and non-dominant legs. 

Thus, 16 swing phases were analyzed from each participant. At no point during the experiment 

were participants told there was a chance they would be perturbed to elicit a fall (i.e., tripped or 

slipped), and all participants wore the same brand of athletic shoes in their requested size. 

 

The positions of four reflective markers on each shoe were sampled at 100 Hz using a six-camera 

motion analysis system (MX-T10, Vicon Motion Systems Inc., L.A, CA), and these were 
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subsequently low-pass filtered at 5 Hz (8th-order, zero-phase-shift Butterworth filter). MFC 

during each swing phase was determined using a method adopted from Startzell et al (1999).  

Prior to walking trials, a pointer with three non-collinear markers was used to define 

approximately 13 virtual points traversing the perimeter of each shoe sole within a shoe-fixed 

Cartesian reference frame. Positions of these virtual points were then transformed into an inertial 

(global) reference frame.  MFC was defined as the lowest of these points near the middle of 

swing (Figure 1).  For all walking trials, the location on the shoe at which MFC occurred was 

within the anterior half of the sole.   The median MFC (MFCMed) and MFC interquartile range 

(MFCIQR) were determined for each participant over the eight separate swing phases of each leg. 

Gait speed in each trial was determined a passive reflective marker on the medial border of the 

right scapula.  

 

 
 

Figure 3.1:  Foot clearance for all virtual points on the sole of the shoe for a single representative 

swing phase. Dashed and solid lines represent virtual points on the back and front of the 

respectively. The bold line represents the trajectory of the virtual point that yielded the lowest 

value of MFC (indicated by the symbol *).   
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A four-way, mixed-factor analysis of covariance was performed on MFCMed and MFCIQR using 

JMP v10  (SAS, Cary, NC) with significance concluded when p≤0.05. Categorical independent 

variables were obesity (obese or normal-weight), gender, age (young or older), and leg 

(dominant or non-dominant), and both gait speed and body height were included as covariates. 

MFCIQR was log-transformed in order to achieve normally distributed residuals. Initially, two 

statistical models were created for each MFC measure, one including all two-way and three-way 

interactions, and another including only two-way interactions. Root-mean-square errors of these 

two models differed by less than 0.006 cm for MFCMed and less than 0.002 cm for MFCIQR, 

indicating little improvement in model fit when including the three-way interactions. As such, 

the simpler models (i.e., with only two-way interactions) were used for subsequent analysis to 

facilitate results interpretation. Iterative backwards elimination was then used to remove non-

significant two-way interactions until only main effects and significant two-way interactions 

remained in the final model.  Following this procedure, the only significant interaction was an 

age x height interaction for MFCMed.  Finally, a bivariate correlation analysis was used to assess 

the relationship between MFCMed and MFCIQR. 

 

 

3.4 Results  

MFCMed was unaffected by obesity (p = 0.567) and age (p = 0.151), but was 21.0% lower among 

females (p = 0.002) and 24.6% higher in the non-dominant leg (p <0.001; Table 2). MFCMed also 

increased 0.22 cm for every 10 cm increase in body height among older adults (p=0.027), and 

this relationship approached significance among young adults (p = 0.071). 
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MFCIQR was not affected by obesity (p=0.865), gender (p = 0.127), or age (p = 0.596), but was 

72.2% higher in the non-dominant leg (p<0.001; Table 2). The effect of gait speed on MFCIQR 

approached significance (p < 0.068), with MFCIQR increasing 0.47 cm for every 1 m/s increase in 

speed. MFCMed and MFCIQR were positively correlated (r = 0.45; p <0.001) with MFCIQR 

increasing 0.2 cm for every 1 cm increase in MFCMed.  

 

Table 3.2: Least squares means (95% confidence interval) of MFC.   

  MFCMed (cm) p-value 
 

MFCIQR (cm) 

Obesity 
Normal-Weight 2.53 (2.34,2.73) 

0.567 
 0.57 (0.50,0.65) 

Obese 2.46 (2.25,2.66)   0.56 (0.48,0.64) 

Age 
Young 2.39 (2.21,2.57)  

0.145 
 0.55 (0.49,0.62) 

Old 2.60 (2.38,2.82)   0.58 (0.50,0.67) 

Gender 
Male 2.80 (2.57,3.03) 

0.003 

  0.62 (0.53,0.72) 

Female 2.19 (1.94,2.44)   0.51 (0.43,0.60) 

Leg 
Non-Dominant 2.78 (2.60,2.93) 

< 0.001 

  0.74 (0.66,0.84) 

Dominant 2.23 (2.06,2.40)   0.42 (0.38,0.48) 

 

3.5 Discussion 

 

The purpose of this study was to investigate the effects of obesity and gender on MFC during 

overground walking.  Our first hypothesis was that obese adults would exhibit a smaller MFC 

than normal-weight adults. This hypothesis was not supported since the differences between 

groups was both non-significant and relatively small. The lack of an effect of obesity on MFCMed 

was unexpected because individuals who are obese typically walk slower (De Vita and 

Hortobágyi 2003), and with less hip and knee flexion during swing (Spyropoulos et al. 1991), 

and these differences should lead to smaller values of MFCMed (Moosabhoy and Gard 2006, 
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Schulz 2011). However, individuals who are obese also exhibit a more dorsiflexed ankle angle 

during mid-swing (Spyropoulos et al. 1991), which would be expected to increase MFCMed.  This 

latter effect may have counteracted the influence of reduced hip and knee flexion during swing. 

Joint angles, though, were not measured here. Our second hypothesis was that females would 

exhibit a smaller MFC and/or greater within-subject variability.  This hypothesis was supported 

in that females exhibited a smaller MFCMed, which suggested an increased likelihood of tripping 

compared to males. This smaller MFCMed may be due, at least in part, to the gender differences in 

gait previously mentioned.    

  

When comparing to other studies that also investigated overground walking, the mean MFCMed 

of 2.4 cm reported here among young adults was similar to the 2.9 cm reported by (Thies et al. 

2011) and 2.8 cm reported by (Menant et al. 2009), but was substantially larger than the 1.29 cm 

reported by (Winter et al. 1990) and 1.22 cm reported by (Nagano et al. 2011).  MFCMed values 

of 1.29-1.49 cm reported for treadmill walking (Begg et al. 2007, Khandoker et al. 2008, Mills et 

al. 2008) are consistently lower than those measured in the present study. These discrepancies 

may be due to 1) MFC being 16-48% larger during overground walking compared to treadmill 

walking (Nagano et al. 2011), and/or 2) the height of the toe of the shoe used in the present study 

being rather large (3.5 cm), which can increase MFCMed (Thies et al. 2011). The mean MFCIQR 

of 0.68 cm reported here for young adults was similar to values of 0.6-0.9 cm reported during 

overground walking (Thies et al. 2011) and 0.32-0.96 cm during treadmill walking (Begg et al. 

2007).  
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Decreasing body height was associated with a decrease in MFCMed. In particular, MFCMed 

decreased 0.02 cm for every 1 cm decrease in body height.  This translates to a 0.91 cm 

difference in MFCMed between the participants in the current study with maximum and minimum 

body height due to this relationship alone.  In retrospect, this association seems intuitive if 

individuals of varying height walk with similar joint angles. To illustrate, static models of the 

two participants in the current study with the maximum and minimum body height (Figure 2) 

were constructed using segment lengths proportional to body height (de Leva 1996).  If both 

models are positioned with identical joint angles that approximate the instant of MFC 

(Moosabhoy and Gard 2006), the MFC is 4.13 cm higher in the tallest participant. Although the 

static models reveal a substantially larger effect of body height than predicted by our statistical 

model and all of our data, it is based upon only two participants, and joint angle positions were 

approximated from the literature.  However, it serves to illustrate the effect of height in a 

simplified manner and, consistent with our experimental results, suggests that individuals of 

shorter stature may be at a greater likelihood of tripping.  
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Figure 3.2:  Sagittal plane view of two stick-figure models with heights representing the tallest 

(height of 197 cm) and shortest (height of 151.5 cm) participants in the current study. Segment 

lengths were calculated from Dempster et al. (1967) and joint angles at the time of MFC were 

taken from Levinger et al. (2012). This illustration demonstrates that a 45.5 cm change in height 

results in a 4.13 cm change in MCF.  

 

Prior studies have reported significant effects of age, leg, and gait speed on MFC. The lack of an 

effect of age in the current study was consistent with the majority of reports reviewed by Barrett 

et al. (2010), but inconsistent with studies by Menant et al. (2009) and Murray et al. (1969) who 

both reported a higher MFCMed among older adults. The lack of an effect of age on MFCIQR in the 

present study was inconsistent with a 17.3-39.5% higher MFCIQR reported earlier among older 

adults (Begg et al. 2007). These prior studies, however, evaluated MFCIQR during treadmill 
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walking, and it is plausible that the higher kinematic variability during overground walking 

versus treadmill walking (Dingwell et al. 2001) made it more difficult to detect age-related 

differences in MFCIQR during overground walking. Regarding the effect of leg, the 24.6% higher 

MFCMed in the non-dominant leg found here was consistent with a 40% difference reported by 

Nagano et al. (2011) for older adults during treadmill walking, but no studies to our knowledge 

have investigated the effects of leg on MFCIQR during overground walking.  It has been 

speculated that humans generally use their dominant leg for mobilization and the non-dominant 

leg for postural stabilization (Sadeghi et al. 2000). Such an asymmetry could account for some of 

the differences in MFCMed and MFCIQR found here between legs.  

 

A decrease in MFCMed and an increase in MFCIQR are each associated with an increase in the 

likelihood of tripping (Winter et al. 1990, Begg et al. 2007, Mills et al. 2008). An increase in 

both values, though, ostensibly gives an ambiguous indication of likelihood of tripping. Our 

results indicated a larger MFCMed and larger MFCIQR within the non-dominant leg. As such, it is 

unclear how the likelihood of tripping might differ between legs. Additional ambiguity arises 

from the positive correlation between MFCMed and MFCIQR found here and elsewhere (Begg et 

al. 2007). Further investigation is needed to better understand how MFCMed and MFCIQR 

quantitatively affect the likelihood of tripping, both independently and together.  

 

Several limitations to this work warrant mention. First, the method used to calculate MFC 

assumed that the shoe is a rigid body. While this is clearly not true, it was considered reasonable 

during swing when no external forces were applied to the shoe. Second, and as with any cross-

sectional study, other differences between groups besides the characteristics reported here could 
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have contributed to the results. Lastly, the sample size for this analysis was small compared to 

studies that employed treadmill walking, and may have made it more difficult to identify three-

way interactions. 

 

3.6 Conclusion 

Our results suggest that there is no substantial influence of obesity on the likelihood of tripping, 

specifically trip initiation, during overground walking. As such, the higher rate of falls among 

individuals who are obese does not appear to be due to a greater likelihood of tripping. Our 

results also suggest an increased likelihood of tripping among females and individuals of shorter 

stature. 
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Chapter 4: The effects of obesity and age on minimum foot clearance during occupationally 

relevant tasks 

 

4.1 Abstract 

Obese and older adult workers are reported to fall more frequently than their normal-weight and 

young counterparts. Anterior load carriage and ramp negotiation are occupational tasks 

commonly associated with these falls. To help identify potential mechanisms for these falls the 

likelihood of tripping during load carriage and ramp walking, and the effects of obesity and age 

on the likelihood of tripping during these tasks was investigated. Likelihood of tripping was 

assessed through median minimum foot clearance (MFC) and minimum foot clearance 

interquartile range (IQR). Four groups of participant (nine young normal-weight, eight young 

obese, nine older normal-weight, and eight older obese adults) completed the study. Compared to 

level walking without load carriage, median MFC was 16% lower during ramp ascent with load 

carriage, and MFC IQR was 71% higher during level walking with load carriage, and 53% 

higher during ramp descent with load carriage. During ramp descent, MFC IQR was 140% 

higher among older compared to young adults and during ramp ascent with load carriage MFC 

IQR was 108% higher among normal-weight older compared to normal-weight young adults, 

and 96% higher among young obese adults compared to young normal-weight adults . These 

results suggest load carriage increases the likelihood of tripping during both level and ramp 

walking and obesity and age increase the likelihood of tripping during selected combinations of 

load carriage and/or ramp walking.  
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4.2 Introduction 

Occupational slips, trips, and falls are significant economic and societal issues in the United 

States (Kemmlert and Lundholm 2001, Layne and Pollack 2004, Leamon and Murphy 2010), 

costing approximately $70 billion and accounting for 15% of all occupational fatalities annually 

(Saftey 2012). Of all industries, the construction industry experiences the most fall-related 

mortalities (U.S. Bureau of Labor Statistics 2009), and within this industry falls are the leading 

cause of work-related deaths (CPWR 2007). Labor force demographics in the U.S. have changed 

dramatically over the past few decades. A reported 28% of workers are considered obese 

(Luckhaupt et al. 2014), which is a 20% increase over past ten years (Hertz 2000), and 4.7% of 

workers are 65 and older, which is a 10% increase over the past twenty years (Kromer and 

Howard 2013). This is problematic because obese and older adult workers have higher rates of 

fall accidents in occupational settings (Kemmlert and Lundholm 2001, Ambrose et al. 2013, 

Swaen et al. 2014).  

Falls from tripping account for 18% of injuries and 25% of workers compensation payments 

(Lipscomb et al. 2006).  The likelihood of tripping has been associated with the minimum foot 

clearance (MFC) between the bottom of the shoe/foot and the walking surface near mid-swing of 

the gait cycle. Both a smaller mean/median MFC and a higher MFC variability (e.g. standard 

deviation or interquartile range) are associated with an increased likelihood of tripping (Winter 

1992, Begg et al. 2007, Mills et al. 2008). Advanced age can increase MFC variability, but does 

not affect mean/median MFC (Barrett et al. 2010). Obesity has not been shown to affect MFC 

during level walking (Garman et al. 2014), but has received limited attention.   
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The performance of occupationally-relevant tasks such as load carriage and ramp walking 

increases susceptibility and severity of fall-related injuries. Load carriage is involved in 

approximately 30% of occupational falls (Courtney and Webster 2001) and exhibits an odds ratio 

of 3.0 for falling (Swaen et al. 2014).  Similarly, ramp walking is involved in approximately 12% 

of falls (Cohen and Compton 1982). These falls may be due, in part, to an increased likelihood of 

tripping. Prior work has been inconsistent with respect to the effect of ramp walking on MFC 

parameters. Some studies have revealed a higher MFC during ramp ascent compared to level 

walking (Prentice, Hasler et al. 2004, Thies, Jones et al. 2011), while others have revealed a 

lower MFC during ramp ascent (Khandoker et al. 2010). There is, however, a general agreement 

that MFC values are higher during ramp descent compared to level walking (Khandoker et al. 

2010, Thies et al. 2011). Anterior load carriage has not been found to affect median MFC 

(Rietdyk et al. 2005, Shultz et al. 2009). 

The perceived difficulty of a task (Niechwiej-Szwedo et al. 2007) and the visual obstruction of  

the foot/floor interface affects stepping variability (Rhea and Rietdyk 2007, Schulz et al. 2010). 

Ramp walking increases joint moments in the lower limbs, and thus task difficulty, especially in 

populations with strength or neuromuscular limitations  (Redfern and DiPasquale 1997).  Older 

adults have reduced strength compared to young adults (Goodpaster et al. 2006), and obese 

adults have reduced relative strength and power compared to normal-weight adults (Hulens et al. 

2001, Lafortuna et al. 2005, Rosenblatt and Grabiner 2012). As such, tasks such as ramp walking 

that have higher strength demands than level walking, or load carriage that obstructs the view of 

the foot/floor interface during walking, may be more difficult for older and obese adults.  This 

may increase gait variability, MFC variability, and thus increase likelihood of tripping.  
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The primary goal of this study was to investigate the effects of load carriage and ramp walking 

on the likelihood of tripping. The secondary goal was to investigate the effects of obesity and age 

on the likelihood of tripping during load carriage and ramp walking.  Two hypotheses were 

posed. First, ramp walking, load carriage, and/or ramp walking with load carriage will increase 

the likelihood of tripping compared to level walking. Second, obesity and age will increase the 

likelihood of tripping during load carriage, ramp walking, and/or ramp walking with load 

carriage. The likelihood of tripping will be quantified using MFC.  Results from this study can 

help identify tasks and/or personal characteristics associated with an increased risk of tripping 

during occupational work, and could motivate the development of more inclusive safety 

standards for the increasing population of obese and/or older adult workers.  

4.3 Methods 

Thirty-four male participants completed the study including nine young (age 18-30 years) 

normal-weight (body mass index, or BMI, of 18-24.9 kg/m2) adults, eight young obese (BMI 

over 30 kg/m2) adults, nine older (age 50-70 years) normal-weight adults, and eight older obese 

adults (Table 4.1). Participants were recruited from the university and local community 

population using advertisements in local newspapers. Exclusion criteria included any self-

reported musculoskeletal, neurological, or balance disorders that would affect gait, and greater 

than 2.3 kg change in body mass over the prior six months. The study was approved by the 

university Institutional Review Board, and all participants provided written informed consent 

prior to participation.  
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Table 4.1: Participant demographics (mean ± standard deviation) 

Group  Age (y)  BMI (kg/m^2) 

Young Normal-Weight (n=9)  24.0±3.3  22.3± 2.2 

Young Obese (n=8)  23.1±3.0  33.4±3.3 

Older Normal-Weight (n=9)  60.7±5.9  24.5±1.5 

Older Obese (n=8)   59.1±5.6   33.1±3.2 

 

Participants completed a single experimental session with six walking tasks, all of which were 

performed at a self-selected speed. The first two tasks were performed on a 10 m level walkway 

and included level walking with and without load carriage in a randomly assigned order. The 

load was a 6 kg crate held in front of the body with elbows flexed ~90 degrees.  The last four 

tasks were performed on a 2.5 m long 10 degree ramp. The tasks were ramp ascent followed by 

descent without load carriage, and ramp ascent followed by descent with load carriage. Load 

carriage tasks were performed in a randomly assigned order. Subjects were told to walk naturally 

at a comfortable speed with their eyes focused straight ahead, and several practice trials were 

first completed to allow participants to acclimate to the experimental setup and procedures.  

For level walking with and without load carriage, eight trials were performed, and each trial 

included the swing phase of both the left and right legs. Thus, 16 swing phases were analyzed for 

each participant at each task. For ramp walking with and without load carriage, four trials were 

performed per task. Due to the length of the ramp, only the swing phase of the left leg was 

analyzed for ramp ascent, and only the swing phase of the right leg for ramp descent. Thus, four 

swing phases for each task on the ramp were analyzed. All participants wore the same brand of 

athletic shoes in their requested size, and at no point during the experiment were participants told 

there was a chance they would be perturbed to elicit a fall (i.e., tripped or slipped). 
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The positions of four reflective markers on each shoe were sampled at 100 Hz using a six-camera 

motion analysis system (MX-T10, Vicon Motion Systems Inc., L.A, CA), and subsequently low-

pass filtered at 5 Hz (8th-order, zero-phase-shift Butterworth filter). MFC during each swing 

phase was determined using a method adopted from Startzell et al. (Startzell and Cavanagh 

1999) and described in detail elsewhere (Garman et al. 2014) . MFC was defined as the lowest of 

13 virtual points on the sole of the shoe near the middle of swing. Median MFC and MFC IQR 

were determined for each participant during each task.  

A three way analysis of covariance with planned contrasts was used to evaluate comparisons of 

interest.  Independent variables were task (six tasks), obesity (obese or normal-weight), age 

(young or older) and all two and three way interactions with both gait speed and body height 

included as covariates. To address the first hypothesis, contrasts were used to compare median 

MFC and MFC IQR between level walking without load carriage and the five other tasks.  To 

address the second hypothesis, contrasts were used to compare median MFC and MFC IQR 

between obesity groups and between age groups within each of the five tasks involving load 

carriage and/or ramp walking. Only during ramp ascent with load carriage were the effects of 

obesity (or age) not consistent between age (or obesity) groups.  For this task, simple effects 

were reported. Because ramp ascent calculated MFC exclusively from the left leg, and ramp 

descent from the right, comparing these tasks with level walking only used data from the right 

and left leg, respectively. All statistical analyses were performed using JMP 10 (SAS Institute 

Inc., Cary, NC) with a significance level of p≤0.05. 
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4.4 Results  

MFC differed from level walking without load carriage during several tasks. Median MFC was 

25% higher during ramp descent without load carriage (p=0.003), and 16% lower during ramp 

ascent with load carriage (p=0.013). Median MFC was not different during level walking with load 

carriage (p=0.306), ramp descent with load carriage (p=0.289), and ramp ascent without load 

carriage (p=0.342l; Figure 4.1). Also compared to level walking without load carriage, MFC IQR 

was 71% higher during level walking with load carriage (p=0.001), 58% higher during ramp 

descent without load carriage (p=0.001), and 53% higher during ramp descent with load carriage 

(p=0.001). MFC IQR was not different during ramp ascent without load carriage (p=0.678), and 

ramp ascent with load carriage (p=0.493; Figure 4.1). 
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Figure 4.1: The effects of task on median MFC (top) and MFC IQR (bottom). Note all tasks are 

compared to level walking without load carriage (black bar).  

 

Obesity and age exhibited minimal effects on MFC. During level walking with load carriage, 

median MFC was not affected by obesity (p=0.576) or age (p=0.243; Figure 4.1), while MFC IQR 

was 25% lower among obese compared to normal-weight adults (p=0.019) and was not affected 

by age (p=0.876; Figure 4.2) 

During ramp descent without load carriage, median MFC was not affected by obesity (p=0.803) 

or age (p=0.339; Figure 4.2), while MFC IQR was not affected by obesity (p=0.528) and was 140% 

higher among older compared to young adults (p=0.012). During ramp descent with load carriage, 

median MFC was not affected by obesity (p=0.835) or age (p=0.228; Figure 4.2), while MFC IQR 

was not affected by obesity (p=0.087) or age (p=0.335).   
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During ramp ascent without load carriage, median MFC was not affected by obesity (p=0.879) or 

age (p=0.574; Figure 4.2), while MFC IQR was not affected by obesity (p=0.696) or age 

(p=0.661). During ramp ascent with load carriage, median MFC was not affected by obesity 

(p=0.882) or age (p=0.380; Figure 4.2), while MFC IQR had differing effects among age and 

obesity groups.   MFC IQR was 108% higher among normal-weight older compared to normal-

weight young adults (p=0.0282), and 96% higher among young obese adults compared to young 

normal-weight adults (p=0.048).  
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Figure 4.2: The effects of obesity and age on median MFC (top) and MFC IQR (bottom) during 

occupational tasks.  

 

Figure 4.3: Simple effects of obesity and age on MFC IQR during ramp ascent with load carriage 

* indicates p<=0.05.  
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4.5 Discussion 

The primary goal of this study was to investigate the effects of load carriage and ramp walking on 

the likelihood of tripping. The secondary goal was to investigate the effects of obesity and age on 

the likelihood of tripping during load carriage and ramp walking. Two hypotheses were posed.  

First, load carriage, ramp walking and/or ramp walking with load carriage will increase the 

likelihood of tripping compared to level walking without load carriage. This hypothesis was 

accepted because ramp ascent with load carriage exhibited lower median MFC, level walking with 

load carriage exhibited higher MFC IQR, and ramp descent with load carriage exhibited higher 

MFC IQR. Second, obesity and age will increase the likelihood of tripping during load carriage, 

ramp walking, and/or ramp walking with load carriage. This hypothesis was accepted because 

older adults exhibited higher MFC IQR during ramp descent without load carriage, older normal-

weight (and young obese) adults exhibited higher MFC IQR compared to young normal-weight 

(and young obese) adults during ramp ascent with load carriage. These results provide evidence 

for two general observations. First, load carriage increased the likelihood of tripping during both 

level and ramp walking. Second, obesity and age increased the likelihood of tripping during 

selected combinations of load carriage and/or ramp walking. No general observations with respect 

to ramp walking could be made due to either no effects on MFC (no MFC differences between 

ramp ascent without load carriage and level walking without load carriage) or ambiguous effects 

on MFC (both median MFC and MFC IQR were higher during ramp descent without load carriage 

compared to level walking without load carriage). These results support the need for further study 

to quantify the increased likelihood of tripping associated with load carriage, obesity, and aging, 

and to explore strategies to control the frequency of these accidents.   
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With respect to the effect of task on MFC measures, the 25% increase in median MFC during ramp 

descent without load carriage was consistent with the 33% increase reported by Khandoker et al. 

(2010), but lower than the 100% increase reported by Thies et al. (2011). The effect of ramp ascent 

without load carriage has been inconsistent between studies. Studies have reported increases in 

median MFC (Prentice et al. 2004, Thies et al. 2011) and decreases in median MFC (Khandoker 

et al. 2010), while the current study was unable to find any effect. Only two studies to our 

knowledge investigated the effects of ramp ascent and descent without load carriage on MFC IQR, 

and neither were able to find an effect (Khandoker et al. 2010, Thies et al. 2011). Contrary to these 

finding we found a 58% increase in MFC IQR during ramp descent without load carriage. When 

adding load carriage to level walking, no studies, including the current study, have reported a 

change in median MFC (Rietdyk et al. 2005, Schulz et al. 2010). However, we did find a 71% 

increase in MFC IQR when adding load carriage to level walking. It is possible that some of the 

differences in results between studies could have resulted from differences in study protocols. 

Slope variations were abundant in studies examining ramp walking. For example, slopes included 

3 degrees (Khandoker et al. 2010), 4.7 degrees (Thies et al. 2011), 12 degrees (Prentice et al. 2004), 

and 10 degrees (our study). Mass variations also existed between studies investigating load 

carriage. Mass’s included 5% of subject body weight (Rietdyk et al. 2005), 9 kg (Schulz et al. 

2010) and 6 kg (our study). Additionally, the number of participants in the current study was an 

average of 10 participants larger than the other studies reported here. This larger sample size may 

have facilitated in the detection of some of these effects, such as the increase in MFC IQR during 

load carriage.  

For ramp descent without load carriage, median MFC and MFC IQR increased concurrently 

leading to an ambiguous indication of likelihood of tripping. The increase in median MFC is most 
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likely due to the descending slope of the ground, while the variability may be attributed to 

increased task difficulty compared to level walking. Ramp descent would be a particularly 

dangerous time to experience a trip as tripping induces a forward rotation of the body which is 

worsened by the descending slope of the ramp. As such, further analysis should be completed to 

more fully understand the effects of ramp descent on likelihood of tripping so that safety measures 

can be explored.   

To the best of our knowledge, this was the first study to investigate the effects of ramp walking 

with load carriage on MFC. Ramp walking and load carriage are hypothesized to effect MFC 

measures through two different mechanisms. Compared to level walking, ramp walking is a 

difficult task in that joint moments are prolonged and continuous postural adjustment are necessary 

for proper ambulation of the slope. Anterior load carriage increases inertial load and obstructs the 

view of the foot floor interface impairing visual feedback. Both tasks are thought to increase gait 

variability and hence MFC IQR. One may speculate simultaneous ramp walking and load carriage 

would cause a considerable increase in MFC IQR. Our results showed ramp descent with load 

carriage increased MFC IQR, suggesting an increase in the likelihood of tripping. However, ramp 

ascent with load carriage did not increase MFC IQR, but did decrease median MFC, still 

suggesting an increase in the likelihood of tripping. Median MFC and MFC IQR have been 

reported to be positively correlated  (Begg et al. 2007, Garman et al. 2014). Intuitively, as MFC is 

decreased there is less room for variations in MFC values, hence MFC IQR is concurrently 

reduced. As such, the lower median MFC seen during ramp ascent with load carriage may have 

contributed to the unexpected lack of increase in MFC IQR. Regardless, both ramp ascent and 

descent with load carriage should be executed cautiously as both appear to increase the likelihood 

of tripping.  
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To the best of our knowledge, no studies have investigated the effects of obesity on MFC during 

ramp walking and load carriage.  Only one study has investigated the effects of age on MFC during 

ramp walking (Khandoker et al. 2010). This prior study reported no effects of age on median MFC 

and MFC IQR during both ramp ascent and ramp descent (Khandoker et al. 2010). However, the 

current study identified an increase in MFC IQR among older adults during ramp descent. A 

noteworthy difference in experimental setup may have contributed to this difference in that 

Khandoker et al (2010) used a ramp slope of 3 degrees whereas the current study used a slope of 

10 degrees. Perhaps the larger ramp angle elicited larger changes in MFC IQR. 

Ramp walking in conjunction with load carriage revealed additional differences between young 

and older adults in addition to differences between obese and normal-weight adults. Among 

normal-weight adults, older adults displayed a higher MFC IQR during ramp ascent with load 

carriage (Figure 4.2). Ramp walking is speculated to be a more difficult task for individuals, such 

as older adults, with strength and musculoskeletal control limitations (Redfern and DiPasquale 

1997). During ramp ascent alone, this difficulty may not be sufficient to produce noticeable 

changes in gait variability measures. Adding a task such as load carriage that causes visual 

occlusion of the foot floor interface and increases inertial load likely facilitated in the detection of 

a significant increase in gait variability, more specifically MFC IQR, among older adults. The 

same may be speculated for the higher MFC IQR in young obese adults (Figure 4.3). Obese adults 

have been reported to have a decrease in relative strength and power (Hulens et al. 2001, 

Maffiuletti et al. 2007). Additionally, the difficulty of ramp ascent may be intensified among obese 

as joint moments may be even higher due to the added body weight. While joint moments were 

not investigated in the current study future analysis may be performed to examine just how much 

obesity influences these variables during ramp negotiation.  
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Three limitations to this work warrant mention. First, the method used to calculate MFC assumed 

that the shoe is a rigid body. While this is clearly not true, it was considered reasonable during 

swing when no external forces were applied to the shoe. Second, as with any cross sectional 

study, other differences between groups besides the characteristics reported here could have 

contributed to the results. Third, a direct quantitative relationship between median MFC/MFC 

IQR and trip occurrence has not been established, so the actual increase in likelihood of tripping 

elicited by ramp walking and/or load carriage is unknown.   

 

4.6 Conclusion 

Load carriage increased the likelihood of tripping during both level and ramp walking. 

Additionally, advanced age increased likelihood of tripping during ramp descent and both 

obesity and advanced age increases likelihood of tripping during ramp ascent with load carriage. 

These results suggest that the increased rate of falling during load carriage reported elsewhere 

may be due in part to an increased risk of tripping.  Moreover, the increased rate of falling 

among obese and older adult workers reported elsewhere may be due in part to an increased risk 

of tripping during occupationally relevant tasks such as ramp walking and load carriage.  
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Chapter 5: A bootstrapping method to assess the influence of age, obesity, gender, and gait 

speed on probability of tripping as a function of obstacle height 

 

5.1: Abstract 

Tripping is a common mechanism for inducing falls. The purpose of this study was to present a 

method that determines the probability of tripping over an unseen obstacle while avoiding the 

ambiguous situation wherein median minimum foot clearance (MFC) and MFC interquartile 

range concurrently increase or decrease, and determines how the probability of tripping varies 

with potential obstacle height. The method was used to investigate the effects of age, obesity, 

gender, and gait speed on the probability of tripping. MFC was measured while 80 participants 

walked along a 10- meter walkway at self-selected and hurried gait speeds. The method was able 

to characterize the probability of tripping as a function of obstacle height, and identify effects of 

age, obesity, gender, and gait speed. More specifically, the probability of tripping was lower 

among older adults, higher among obese adults, higher among females, and higher at the slower 

self-selected speed. Many of these results were not found, or clear, from the more common 

approach on characterizing likelihood of tripping based on MFC measures of central tendency 

and variability 

 

5.2 Introduction 

Fall-related injuries among older adults are a major public health problem due to their high 

medical costs and negative impact on quality of life (Bruce et al. 1992).  Tripping accounts for 

35-53% of these falls (Berg et al. 1997, Blake et al. 1998). The most common measure for 

characterizing the probability of tripping while walking is the minimum foot clearance (MFC) 

during swing. A decrease in the central tendency (i.e. mean/median) of MFC, or an increase in 
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MFC variability, are both associated with an increased probability of tripping (Winter 1992, 

Begg et al. 2007, Mills et al. 2008).  These indirect measures of probability of tripping, however, 

can lead to ambiguous results when both increase or decrease simultaneously.  For example, 

Nagano et al. (2011) reported higher median MFC and MFC interquartile range (IQR, a measure 

of MFC variability) during overground walking compared to treadmill walking (Nagano et al. 

2011), and Rossi et al. (2013) reported higher median MFC and MFC IQR in the non-dominant 

leg and at faster gait speeds (Rossi et al. 2013).  Median MFC and MFC IQR are also positively 

correlated (Begg et al. 2007), indicating concurrent increases or decreases in both are to be 

expected.   

 

The purpose of this study was to present a method that determines the probability of tripping 

over an unseen obstacle while avoiding the ambiguous situation wherein median MFC and MFC 

IQR concurrently increase or decrease, and determines how the probability of tripping varies 

with potential obstacle height. The method was used to investigate the effects of age, obesity, 

gender, and gait speed on the probability of tripping.  These factors were investigated based upon 

reports of elevated risks of falling and fall-related injuries among adults over the age of 65 

(Bruce et al. 1992, Kannus et al. 1999 ), individuals who are obese (Fjeldstad et al. 2008, Himes 

and Reynolds 2012, Patino et al. 2010 ), females (Stevens 2005, Ambrose et al. 2013), and 

changes in risk of tripping with gait speed (Schulz 2011, Rossi et al. 2013).  

 

5.3 Methods 

Eighty participants completed the study including four gender-balanced groups comprised of 20 

participants each (Table 1).  None of the participants self-reported a change in body mass of >2.3 
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kg over the six months prior to testing, or any musculoskeletal, neurological, or balance 

disorders that would affect gait. The study was approved by the university Institutional Review 

Board, and all participants provided written informed consent prior to participation.   

 

Participants walked along a 10-meter level walkway at a self-selected speed (always performed 

first) and a hurried speed of 1.9 m/s.  Eight trials at each speed were completed, and data 

obtained from each trial included the swing phase of both the dominant and non-dominant leg.  

Thus, 16 swing phases were analyzed from each participant at each speed.  The positions of three 

reflective markers attached to the shoe were sampled at 100 Hz using a Vicon MX motion 

analysis system (Vicon Motion Systems Inc., LA, CA).  Multiple virtual points on the sole of the 

shoe were tracked using a method described elsewhere (Startzell and Cavanagh 1999), and MFC 

was defined as the lowest of all points near mid-swing in a given swing phase. 

 

Table 5.1: Participant demographics (mean ± standard deviation). Note: NW = normal-weight 

group, OB = obese group, F = female, M = male 

 Young   Older  

  NW    OB     NW    OB 

Sample Size 
F: (n=10)  F: (n=10)     F: (n=10)   F:  (n=10)  

M: (n=10) M: (n=10)   M: (n=10)   M: (n=10) 

Age (years) 
F:  24.4 ± 3.4 F: 24.8 ± 2.8   F: 66.8 ± 4.9 F: 65.6 ± 5.5 

M: 23.8 ± 3.2 M: 21.9 ± 2.5   M: 65.8 ± 4.6 M: 74.3 ± 6.1 

BMI (kg/m^2) 
F: 23.1 ± 2.2 F: 34.0 ± 3.5   F: 23.8 ± 2.0 F: 33.1 ± 2.0 

M: 21.2 ± 1.7 M: 33.2 ± 3.1   M: 24.5 ± 1.4 M: 31.5 ± 1.7 

 

MFC values were used to create trip probability curves that indicated how the probability of 

tripping varied as a function of height of a potential tripping obstacle (Figure 1). For potential 
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tripping obstacle heights ranging from 0 - 7 cm, in increments of 2 mm, each experimental MFC 

value was dichotomized as either a trip (if the potential obstacle height was greater than MFC) or 

a non-trip (if the potential obstacle height was equal to or less than MFC).  The percentages of 

trips at each obstacle height were then computed, serving as an estimate of the probability of 

tripping.  

 

A statistical bootstrapping technique (Duhamel et al. 2004), was then used at each potential 

obstacle height to determine whether the probability of tripping differed by age group, obesity 

group, gender, or gait speed condition. The first step in this technique was to randomly reassign 

group labels to each of the 16 MFC values from each participant (e.g. young or older when 

investigating age effects). A probability curve was then created for each group, and the difference 

in trip probability between groups was calculated at each potential obstacle height. This process 

was performed 100,000 times to obtain a distribution of differences at each potential obstacle 

height that would occur if group assignment was random.  This distribution acted as the sampling 

distribution of differences under the null hypothesis that the groups had equal trip probabilities.  

 

The second step in this technique was to determine whether the actual observed difference in 

probability of tripping between groups was statistically significant. The actual observed difference 

in probability of tripping between groups was defined as the absolute value of the difference 

between the group percentages at a potential obstacle height. Because each bootstrapping analysis 

involved 36 comparisons between groups (0-7 cm obstacles heights in increments of 2 mm), the 

significance level was 0.05/36, or α=0.0014, to avoid consequences of type I errors. As such, if 

the actual difference in probability of tripping was in the outer 0.14% of the distribution, then the 
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difference in trip probability between groups was considered statistically significant.  

Alternatively, the percentage of the distribution of differences outside of the actual observed 

difference yielded a bootstrap p-value. This second step was performed for all potential obstacle 

heights, and between all participant groups of interest, to determine the specific heights at which 

the probability of tripping differed between groups.  

 

Group differences identified from this statistical bootstrapping technique were compared with 

group differences identified using the traditional measures of median MFC and MFC IQR. Group 

differences in median MFC and MFC IQR were determined using a four-way, mixed-factor 

analyses of covariance (ANCOVA) with planned contrasts.  Independent variables in the 

ANCOVAs were age, obesity, and gender, and gait speed was the covariate.  Analyses were 

performed using JMP v7 (Cary, North Carolina, USA).  

 

5.4 Results 

Age-related differences in the probability of tripping were not consistent between the 

bootstrapping technique and the ANCOVA analysis.  Among normal-weight adults (Figure 1a), 

the probability of tripping was lower among older adults across a range of obstacle heights (2.0-

4.6 cm), while no age effects were found for either median MFC or MFC IQR. Among obese 

adults (Figure 1b), the probability of tripping was also lower among older adults, but across a 

smaller range of obstacle heights (1.2-2.4 cm), while again there were no age effects for either 

median MFC or MFC IQR. 
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Figure 5.1: Trip probability curves and median/IQR MFC separated by age group, obesity group, 

gender and speed. Differences in probability of tripping between groups (p<0.05) are indicated 

by a solid vertical line, and differences in median/IQR MFC are indicated by bold.   
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Obesity-related differences in the probability of tripping were also not consistent between the 

bootstrapping technique and the ANCOVA analysis.  Among older adults (Figure 1c), the 

probability of tripping was significantly higher among obese adults across a range of obstacle 

heights (2.4-4.2 cm), while there were no obesity effects on median MFC or MFC IQR. Among 

young adults (Figure 1d), there were no significant effects of obesity on the probability of 

tripping, nor on median MFC or MFC IQR. With respect to gender (Figure 1e), the probability of 

tripping was higher among females across a range of obstacle heights (0.8-4.4 cm), while both 

median MFC and MFC IQR were lower among females. With respect to speed (Figure 1f), the 

probability of tripping was lower for the faster hurried speed across a narrow range of obstacle 

heights (4.2-5 cm), while both median MFC (approached significance) and MFC IQR were 

higher at the faster hurried speed.  

 

5.5 Discussion 

While prior work has employed median MFC and MFC IQR as indirect measures of likelihood 

of tripping, the method presented here directly determines the probability of tripping as a 

function of obstacle height, and uses a statistical bootstrapping technique to compare this 

probability between groups of interest. This technique identified effects of age and obesity that 

were not identified from the more traditional approach using ANOVA.  This new technique also 

identified effects of gender and gait speed, and helped clarify ambiguous results from the 

ANCOVA analysis with respect to probability of tripping (e.g. when both median MFC and 

MFC IQR were higher among males compared to females). 
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Three limitations to the method presented here warrant mentioning. First, this method, along 

with ANOVA using median/mean MFC and MFC IQR, focuses on foot clearance at the instant 

that MFC occurs, even though a trip could occur at other instances during the swing phase.  

Second, unlike an ANOVA based upon median/mean MFC and/or MFC IQR, the current method 

cannot incorporate measures of covariance, or statistically control for the effects of other 

variables, when evaluating an independent variable of interest. Third, this method, along with 

most other investigations of MFC, assumes individuals will not see or react to an obstacle in 

their path.  While this may be true for smaller obstacles, this is less likely for larger obstacles. 

 

The method presented here may be helpful in ensuring that safety guidelines are inclusive and 

protective for diverse populations.  For instance, The Americans with Disabilities Act (ADA) 

stipulates that abrupt changes in height of a walkway greater than 6 mm require edge treatment 

to account for individuals in wheelchairs and individuals whose foot is impeded during the swing 

phase of gait (Cohen and Abele 2007). The results in Figure 1c indicate that trip probability does 

not differ between normal-weight and obese older adults unless obstacle height exceed 2.4 cm, 

suggesting that the 6 mm standard of the ADA is equally protective for both of these 

populations.   

 

A statistical modeling technique reported by (Best and Begg 2008) also characterizes the 

probability of tripping over a range of obstacle heights. While this modeling technique helps 

recognize the features of the distribution of MFC data (i.e skewness and kurtosis), the method 

reported here may provide a pragmatic alternative for characterizing the probability of tripping.  

Of note, though, is that trip probabilities obtained from the two methods differed substantially. 
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For an obstacle height of 1 cm, Best and Begg (2008) reported a trip probability of 50% (Best 

and Begg 2008) whereas the current method yielded a probability of less than 5% (depending 

upon the specific group of interest). This difference may be due to methodological differences 

between the two studies including overground vs treadmill walking, walking speeds, number of 

participants, and methods used to estimate MFC.  

 

5.6 Conclusion 

The method presented here identified differences in probability of tripping that provided both 

novel and complementary insight to the literature.  Regarding obesity, no studies to our 

knowledge have reported effects of obesity on median/IQR MFC.  The higher probability of 

tripping among obese individuals found here (albeit only among older adults) may help to 

explain the higher fall rates among individuals who are obese (Fjeldstad et al. 2008).  Regarding 

gender, lower median MFC among females reported by Rossi et al. (2013) is consistent with the 

median MFC results presented here.  However, the concurrently lower MFC IQR among females 

also reported here obscures the net effect of these differences on probability of tripping.  The 

current method provides clear and direct biomechanical evidence that the probability of tripping 

is higher among females.  Interestingly, these results appear to align with those by Berg et al., 

who in a one-year prospective survey study of adults aged 60-88, found that falls among females 

most often occurred due to tripping whereas falls among males most often occurred due to 

slipping (Berg et al. 1997).  The present method also has the advantage of identifying the specific 

obstacle heights at which group differences exist, which may be helpful for various trip and fall 

prevention strategies.   
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Chapter 6: Obesity and advanced age increase fall rate following a laboratory-induced trip 

 

6.1 Abstract 

Obese and older adults are reported to fall more frequently than their normal-weight and young 

counterparts.  To help identify potential mechanisms of these falls, this study investigated the 

effects of obesity and age on balance recovery following a laboratory-induced trip. Thirty-nine 

participants (10 young normal-weight, 11 young obese, 8 older normal-weight, and 10 older 

obese adults) performed 10 gait trials on a 10 m walkway at a controlled gait speed (1.4-1.6 m/s). 

During the 11th trial, a 7 cm high obstacle was raised to elicit a trip near mid-swing.  Fall rate 

was 52% among obese adults and 22% among normal-weight adults. Peak trunk angle was 13 

degrees higher among obese adults compared to normal-weight adults and peak trunk angular 

velocity was 216 degrees/s higher among obese older adults compared to normal-weight older 

adults, and 245 degrees/s higher among obese older adults compared to obese young adults. 

Obesity did not influence recovery stepping strategy or characteristics. Main effects of age and 

gender were also revealed in that older adults and females had higher fall rates, higher peak trunk 

angles and angular velocities and were more likely to use lowering strategies. The study suggests 

obese, older and female adults have an impaired ability to recovery balance following a trip 

perturbation which may be due in part to altered trunk kinematics and stepping strategies.  

 

6.2 Introduction 

The societal and economic impact of fall-related injuries in the United States has the capacity to 

escalate as a result of two major demographic trends. First, the prevalence of obesity in the United 

States has increased dramatically over the past decades from 13% in the 1960’s (Wang and 
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Beydoun 2007) to 35% in 2011-2012 (Ogden et al. 2014).  Second, the number of adults over the 

age of  65  is projected to more than double from 2006 to 2050 (WHO 2007). These trends are 

problematic because obesity and advanced age are both associated with higher rates of falling 

(WHO 2007, Fjeldstad et al. 2008) and sustaining fall-related injuries (Finkelstein et al. 2007, 

WHO 2007). 

 

Tripping accounts for an estimated 35-53% of falls among older adults aged 65 and above (Berg 

et al. 1997, Blake et al. 1998).  As such, balance recovery following a trip, or trip recovery, has 

been studied extensively in the older adult population (Pavol et al. 1999, Pavol et al. 1999, Pavol 

et al. 2002, Van den Bogert et al. 2002, Pijnappels et al. 2004, Pijnappels et al. 2004, Pijnappels et 

al. 2005, Pijnappels et al. 2008, Pijnappels et al. 2008). Older adult have been shown to have a 

higher fall rate than young adults after a laboratory-induced trip (Pijnappels et al. 2008), with likely 

contributing factors of decreased strength in the lower limbs, slower rate of moment generation 

(Pijnappels et al. 2004), and increased response time (Van den Bogert et al. 2002, Pijnappels et al. 

2004, Pijnappels et al. 2004).  

 

The effect of obesity on trip recovery has received little attention. Rosenblatt and Grabiner (2012) 

showed that the fall rate after a laboratory-induced trip was almost twice as high among obese 

female adults (46%) compared to non-obese female adults (25%), although this difference did not 

reach statistical significance.  These investigators also reported the majority of obese fallers were 

not able to initiate or complete a recovery step, suggesting an impaired stepping response as a 

contributor to the higher fall rate. Obese adults have lower strength and power relative to body 
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mass (Hulens et al. 2001, Lafortuna et al. 2005, Maffiuletti et al. 2007).  Additionally, the body 

mass distribution among obese adults can cause an anterior shift in the whole body center of mass 

(COM) location, making balance more challenging during recovery from a forward loss of balance 

as is common after tripping (Corbeil et al. 2001).  Decreased relative strength in conjunction with 

the anterior shift of the COM would seem to make trip recovery more challenging, and could 

account for the higher trip and fall rate reported by Rosenblatt and Grabiner (2012), and the overall 

higher fall rate among individuals who are obese (Fjeldstad et al. 2008). 

 

Successful trip recovery requires arresting the forward angular momentum of the trunk (Grabiner 

et al. 1996, Pavol et al. 2001, Pijnappels et al. 2004).  For example, Pavol et al. (2001) reported 

peak trunk angle was 54.7 degrees lower and the angular velocity of the head arm torso segment 

was 83.5 degrees/second lower among successful recoveries compared to failed recoveries (Pavol 

et al. 2001). A common strategy to arrest this momentum is to employ a stepping strategy to extend 

the base of support anteriorly, and provide vertical and posterior ground reaction forces after 

stepping (Grabiner et al. 1996, Madigan and Lloyd 2005). As such, stepping characteristics and 

trunk kinematics are critically important during trip recovery. Two general stepping strategies have 

been documented during trip recovery. Early swing perturbations typically elicit an elevating 

strategy in which the swing limb that contacts the tripping obstacle is immediately lifted over the 

obstacle in an attempt to complete a recovery step over the obstacle (Eng et al. 1994, Schillings et 

al. 2000, Pijnappels et al. 2004).  Late swing perturbations typically elicit a lowering strategy in 

which the swing limb that contacts the tripping obstacle is immediately lowered to the ground on 

the near side of the obstacle, then a step over the obstacle is attempted with the contralateral limb 
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(Eng et al. 1994). Mid-swing perturbations can elicit both elevating and lowering strategies 

(Schillings et al. 2000).   

 

The purpose of this study was to investigate the effects of obesity and age on trip recovery. 

Dependent variables included measures of fall rate, stepping strategy and characteristics, and 

trunk kinematics.  We hypothesized 1) obese adults would fall at a higher rate compared to 

normal-weight adults 2) obese adults would exhibit less favorable stepping 

strategy/characteristics and/or trunk kinematics compared to normal-weight adults, and 3) the 

adverse effects of obesity would be magnified among older adults. Although not our main focus, 

we also investigated the effects of age and gender on the same dependent variables, and explored 

differences between successful and failed recoveries. Results from this study can help identify 

the reasons behind the elevated fall rate among obese individuals, identify other factors 

contributing to falls from tripping, and help identify modifiable risk factors for targeted 

interventions.   

 

6.3 Methods 

Thirty-nine participants completed the study including 10 young (age 18-30 years) normal-

weight (body mass index, or BMI, of 18-24.9 kg/m2 ) adults, 11 young obese adults (BMI over 

30 kg/m2), 8 older (age 50-70 years) normal-weight adults, and 10 older obese adults (Table 6.1).  

Participants were recruited from the university and local community population with exclusion 

criteria including any self-reported musculoskeletal, neurological, or balance disorders that 

would affect gait, and a greater than 2.3 kg change in body mass over the prior six months. 
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Participants over the age of 65 were required to have a dual-energy x-ray absorptiometry scan to 

insure the bone mineral density of the femoral neck was greater than 0.65 g/cm2.  The study was 

approved by the university Institutional Review Board, and all participants provided written 

informed consent prior to participation. 

 

Table 6.1: Participant demographics (mean ± standard deviation) 

                Young Older  

 NW    OB   NW    OB 

Sample Size 
F: (n=6)  F: (n=5)   F: (n=4)   F:  (n=5)  

M: (n=4) M: (n=6) M: (n=4)   M: (n=5) 

Age (years) 
F: 27.3 ± 2.3 F: 24.8 ± 2.8 F: 65.0 ± 2.9 F: 67.8 ± 4.7 

M: 23.5 ± 2.5 M: 21.9 ± 2.5 M: 66.2 ± 4.6 M: 64.6 ± 4.1 

BMI (kg/m^2) 
F: 22.2 ± 1.7 F: 34.5 ± 4.5 F: 22.6 ± 2.3 F: 33.8 ± .95 

M: 23.9 ± 1.7 M: 33.8 ± 3.1 M: 24.5 ± 1.4 M: 31.8 ± 1.7 

 

 

All testing was performed in a single experimental session.  Participants were given a verbal 

overview of the protocol, and informed there was a chance they would be either tripped or 

slipped to elicit a fall.  Participants then donned standardized athletic clothes, shoes, and a full 

body safety harness to prevent impact of the knees or hands with the ground in the event of an 

unsuccessful trip recovery. The safety harness was attached to an overhead track using a harness 

spreader bar, and the length of the spreader bar was adjusted such that the tips of the fingers were 

approximately two inches from the floor when reaching for the floor, and the knees (when flexed 

90 degrees) were approximately two inches from the floor when allowing the harness to fully 

support body weight. Practice gait trials were performed along a 10 m walkway to allow 

participants to become accustomed to the experimental setup and procedures. Participants were 

given a starting position near one end of the walkway, and asked to walk at a slightly hurried 
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speed with their eyes focused straight ahead.  Speed was determined using a reflective marker on 

the medial border of the right scapula, and participants were asked to increase or decrease their 

speed if it was not 1.45-1.65 m/s (Table 6.1). Gait speed was controlled to prevent confounding 

effects, and because evidence suggests faster gait speeds are associated with an increased 

likelihood of falling following a trip (Pavol et al. 1999). Once accustomed, participants donned 

wireless headphones and watched a television program on computer monitors positioned at both 

ends of the walkway to divert attention from tripping.  A message on the screen instructed the 

participant when to turn around and walk to the far end of the walkway. The starting position on 

the walkway was varied, and trials were repeated, until the dominant foot was naturally and 

consistently placed approximately 4 cm from the concealed tripping obstacle near the middle of 

the walkway. During a randomly selected trial, and upon this same foot placement relative to the 

obstacle, the trip obstacle was manually activated by pulling a concealed rope to raise the 7-cm-

high obstacle and elicit a trip.  All participants were successfully tripped. 

 

Ground reaction forces were sampled at 1000 Hz from a force platform (Bertec Corporation, 

Columbus, OH) embedded in the walkway. Harness load was sampled at 1000 Hz using a uni-

axial load cell (Cooper Instruments and Systems, Warrenton, VA). Both signals were low-pass 

filtered at 20 Hz (eighth-order zero-phase-shift Butterworth filter) using Matlab 2013a (The 

Mathworks Inc., Natick, MA). Body position was sampled at 100 Hz using a modified Helen 

Hayes marker set and a six-camera motion analysis system (MX-T10, Vicon Motion Systems 

Inc., L.A, CA), and subsequently low-pass filtered at 5 Hz (8th-order, zero-phase-shift 

Butterworth filter).  
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Harness load was used to classify trip recovery outcome as: 1) successful when peak force was 

less than 30% of participant body weight, and integrated harness force was less than 8% body 

weight × second (Brady et al. 2000) , 2) harness-assisted when peak force was 30-50% of 

participant body weight, and 3) unsuccessful when peak force exceeded 50% of participant body 

weight. Only two trials were deemed harness-assisted and were removed from further analysis. 

Harness load was also used to classify fallers as 1) before step fallers when the peak harness 

force occurred before touchdown of the first recovery step, and 2) after step fallers when the 

peak harness force occurred after touchdown of the first recovery step. All fallers were classified 

as after step fallers. Recovery step time was defined as the time elapsed from trip onset to 

touchdown of the first recovery step, where trip onset was identified by a peak in the acceleration 

of a marker on the 5th metatarsal head of the perturbed limb, and touchdown of the first recovery 

step was identified by a vertical ground reaction force greater than 15 N. Recovery step length 

was defined as the horizontal distance between markers on the right and left 5th metatarsal head 

at the time of the first recovery step.  Trunk angle was defined as the angle between vertical and 

a line passing through markers on the right greater trochanter and the medial border of the right 

scapula. This angle was reported with respect to a reference angle calculated during a calibration 

trial where the participant stood in a natural up right position. Trunk angular velocity was 

calculated using a finite difference method. Peak trunk angle and angular velocity was identified 

between trip onset and toe off of the first recovery step.  The position of the swing foot at trip 

onset was defined as the horizontal distance between markers on the right and left lateral 

malleolus. 
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Three statistical analyses were performed.  Logistic regression analyses were used to investigate 

the effects of obesity, age, gender, and all two- and three-way interactions on fall rate and 

stepping strategy (elevating or lowering).  A three-way analysis of variance was used to 

investigate the effects of obesity, age, gender, trip recovery outcome, and all two- and three-way 

interactions on recovery step time and length, peak trunk angle and angular velocity, and position 

of the swing foot at trip onset. Peak trunk angular velocity was log transformed in order to 

achieve normally distributed residuals. For all analyses, iterative backwards elimination was 

used to remove non-significant three-way then two-way interactions until only main effects and 

significant interactions remained in the final model. Following this procedure, no interactions 

remained in the final models for any of the dependent variables except for peak trunk angular 

velocity.  Gender was included in the model to control for the reported effects of gender on trip 

recovery outcome (Pavol et al. 1999). A three-way analyses of variance was also performed to 

investigate the effects of obesity, age and gender on recovery step time and length when 

separately examining lowering and elevating strategies. All statistical analyses were performed 

using JMP 10 (SAS Institute Inc., Cary, NC) with a significance level of p ≤ 0.05.   

 

6.4 Results 

Obesity affected several aspects of trip recovery.  Fall rate was 52% among obese adults and 

22% among normal-weight adults (Table 6.2), with an odds ratio indicating obese adults were 

8.79 (C.I.: 4.62, 394.8; p=0.026) times more likely to fall when adjusting for age and gender. 

Stepping strategy (p=0.151), recovery step time (p=0.499), and recovery step length (p=0.854) 

were not affected by obesity (Table 6.3). Peak trunk angle was 13 degrees higher among obese 
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adults (p=0.046) compared to normal-weight adults (Figure 6.1). Peak trunk angular velocity was 

affected by an obesity level x age interaction (p=0.038; Figure 6.1). Peak trunk angular velocity 

was 216 degrees/s higher among obese older adults compared to normal-weight older adults 

(p=0.012), and 245 degree/s higher among obese older adults compared to obese young adults 

(p=0.005).  

 

Table 6.2: Fall rate separated by group.  Note, N-W=normal-weight. * indicates p<=0.05. 

   Fall   Recovery  Total   

Total  15 24 39  

Obese  11 10 21 
* 

N-W 4 14 18 

Older  12 6 18 
* 

Young 3 18 21 

Male 5 14 19 
* 

Female 10 10 20 

 

Table 6.3: Stepping strategy (number of occurrences), recovery step time and step length (mean 

± standard deviation). Note: N-W=normal-weight. * indicates p<=0.05 between groups. 

  
             

Total 

Elevating  

Strategy 

Lowering 

Strategy 

 Recovery 

Step Time (s) 

Recovery 

Step Length (m) 

Obese  21 9 12  0.46 ± 0.16 0.73 ± 0.32 

N-W  18 12 6  0.43 ± 0.13 0.72 ± 0.11 

Older  18 6 12  0.46 ± 0.20 0.69 ± 0.34 

Young 21 16 5 * 0.45 ± 0.09 0.75 ± 0.13 

Male 19 13 6  0.43 ± 0.12 0.72 ± 0.27 

Female 20 9 11  0.47 ± 0.16 0.74 ± 0.22 

Falls 15 4 11 
* 

0.47 ± 0.21 0.74 ± 0.31 

Recoveries 24 18 6 0.44 ± 0.08 0.72± 0.19 
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Figure 6.1:  Peak trunk angle (left) and peak trunk angular velocity separated by obesity group, 

and obesity and age group, respectively.  Brackets indicate p<0.05 between groups. Note: 

OB=obese, N-W=normal-weight, Y=young, O=older.  

 

Age and gender also affected several aspects of trip recovery. Fall rate was 67% among older 

adults and 14% among young adults (Table 6.2), with an odds ratio indicating older adults were 

30.24 (C.I.: 1.32, 100.39; p=0.001) times more likely to fall when controlling for obesity and 

gender.  Fall rate was 50% among females and 26% among males, with an odds ratio indicating 

females were 8.17 (C.I.: 1.27, 89.4; p=0.047) times more likely to fall when controlling for 
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obesity and age. A lowering strategy was used by 57% of older adults and 30% of young adults 

(Table 6.3), with an odds ratios indicating older adults were 8.63 (C.I.: 1.94:50.98; p=0.003) 

times more likely to use a lowering strategy when adjusting for obesity and gender. The effect of 

gender on stepping strategy approached significance when adjusting for obesity and age due to 

females tending to use a lowering strategy more frequently than males (p=0.077). Recovery step 

time and distance were not affected by age (p= 0.863 and p=0.431) or gender (p=0.403 and 

p=0.75; Table 6.3) when evaluating elevating and lowering strategies concurrently. When 

evaluating the two strategies separately, users of an elevating strategy exhibited a recovery step 

length that was 0.276 m shorter among older adults compared to young adults (p=0.003). Peak 

trunk angle was 25 degrees higher among older adults compared to young (p=0.001), and 17 

degrees higher among females compared to males (p=0.013; Figure 6.3). As noted, peak trunk 

angular velocity was affected by an obesity level x age interaction (p=0.038; Figure 6.1) and was 

136 degrees/second higher among females (p=0.002; Figure 6.3).  
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Figure 6.3:  Peak trunk angle (top) and peak trunk angular velocity (bottom) separated by age 

group and gender. Brackets indicate p<0.05 between groups. Note: Y=young, O=older, 

F=female, M=male.  

 

Comparing dependent variables between falls and recoveries also revealed several differences.  

A lowering strategy was used during 73% of falls and 25% of recoveries (Table 6.3) with odds 

ratios indicating users of a lowering strategy were 8.25 (C.I.: 2.03; 40.18; p=0.003) times more 

likely to fall then those using an elevating strategy (Table 6.2). Recovery step time and length 
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(Table 6.3) did not differ between falls and recoveries (p=0.541 and p=0.758). Peak trunk angle 

was 32 degrees higher during falls (p<0.001), and peak trunk angular velocity was 287 

degrees/second higher during falls (p=0.027).  

 

Gait speed averaged 1.55±0.14 m/s across all participants, and was not affected by obesity 

(p=0.689), age (p=0.368), gender (p=0.606), or trip outcome (p=0.980).  Foot position at trip 

onset averaged 0.14±0.07 m and was not affected by obesity (p=0.345), age (p=0.481), gender 

(p=0.749), or trip outcome (p=0.664).  

 

6.5 Discussion 

The purpose of this study was to investigate the effects of obesity and age on trip recovery. Our 

first hypothesis was that obese adults would fall at a higher rate compared to normal-weight 

adults. This hypothesis was accepted because 52% of obese adults fell after tripping compared to 

only 22% of normal-weight adults.  Our second hypothesis was that obese adults would exhibit 

less favorable stepping strategy/characteristics and/or trunk kinematics compared to normal-

weight adults. This hypothesis was accepted because obese adults exhibited a greater peak trunk  

angle compared to normal-weight adults. Our third hypothesis was that the adverse effects of 

obesity would be magnified among older adults.  This hypothesis was accepted because the 

effect of obesity on peak trunk angular velocity was magnified among older adults. These results 

suggest that the higher fall rate among obese adults may be due, to some extent, to impaired trip 

recovery. Several other effects of age, gender, and trip outcome were also found and described in 
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more detail below.  Overall, these results support the use of interventions to improve trip 

recovery capability to help prevent falls among individuals who are obese, older, or female.   

The fall rates among obese (52%) and normal-weight (22%) adults in the current study were 

similar to those reported by Rosenblatt and Grabiner (2012) for obese (46%) and normal-weight 

(25%) female adults aged approximately 55-65 years.   Fall rates among older adults (67%) and 

females (50%) in the current study were similar to those reported by Pavol et al. (1999) (62% 

among older adults, 22% among females), and Pijnappels et al. (2005) (63% among older 

adults). The lack of an effect of age on recovery step length and time in the current study differed 

from the shorter recovery step lengths (Schillings et al. 2005) and longer recovery step times 

(Pijnappels et al. 2005) among older adults reported elsewhere. However, both Schilling et al 

(2005) and Pijnappels et al (2005) tripped participants multiple times during the same 

experimental session, which may have altered recovery techniques due to learning and 

anticipation effects following the first trip. Similar to the current study, Pavol et al (2001) 

investigated kinematic differences between falls and recoveries. The current study reported peak 

trunk angle to be 32 degrees higher during falls compared to recoveries, which was comparable 

to the 54.7 degrees higher peak trunk angle during falls reported by Pavol et al. (2001). 

However, the 287 degree/second higher trunk angular velocity was substantially higher than the 

83.5 degrees/second reported by Pavol et al. (2001). The larger difference in trunk angular 

velocity in the current study may be due, in part, to differences in protocol (hurried controlled 

gait speed vs. self-selected gait speed) and participant demographics (including young, older, 

obese and normal-weight participant vs including only older normal-weight participants).  
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The higher rate of falls among obese adults may have resulted from altered trunk kinematics. 

Obese adults exhibited greater peak trunk angles compared to normal-weight adults, and older 

obese adults exhibited greater peak trunk angular velocities compared to older normal-weight 

adults. A lower trunk angle and angular velocity is indicative of more effective trip recovery as it 

aims to reduce the forward velocity of the COM and to bring the COM back to within the limits 

of the base of support. Three intrinsic factors associated with obesity could be responsible for 

these altered kinematics. First, the anterior shift of the trunk COM among obese adults could 

increase the gravitational moment that rotates the body forward after tripping (Corbeil et al. 

2001), and this larger gravitational moment could increase trunk angle and angular velocity. 

Second, greater trunk mass would increase trunk momentum that needs to be decelerated through 

trunk and lower extremity muscle exertions (Pijnappels et al. 2004).  Third, reduced relative 

strength among obese adults (Hulens et al. 2001, Lafortuna et al. 2005, Maffiuletti et al. 2007) 

could reduce the ability to decelerate trunk momentum.  Interestingly, the higher rate of falls 

among obese adults was not likely due to altered stepping characteristics because there were no 

differences in recovery step time, recovery step length, or stepping strategy between obese and 

normal-weight adults.   

 

As with obese adults, the higher rate of falls among older adults and females may have resulted 

from altered trunk kinematics. Older adults and females displayed greater peak trunk angles, and 

older obese adults and females displayed greater peak trunk angular velocities. Older adults and 

females are also reported to have decreased strength compared to their younger (Goodpaster et 

al. 2006) and male counterparts (Frontera et al. 1991) likely inhibiting control of trunk 

kinematics. As with obesity, the higher rate of falls among older adults and females was not 
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likely due to differences in recovery step time or recovery step length, but may be due in part to 

the more frequent use of a lowering strategy which was shown to be unfavorable with respect to 

recovery outcome. Stepping strategy affects stepping characteristics. For example, elevating 

strategies have been reported to elicit longer recovery step lengths and shorter step timing 

compared to lowering strategies (Eng et al. 1994). The analysis examining stepping 

characteristics which separated users of elevating and lowering strategies  revealed that among 

users of an elevating strategy, recovery step length was 0.276 m shorter among older adults 

compared to young adults, which is consistent with earlier reports exclusively examining 

elevating strategies (Schillings et al. 2000 Pijnappels, 2005 #101). Whether this alteration 

contributed to the increased fall rate among older adults is unclear and should be examined 

further.  

 

The success of trip recoveries during the near-mid-swing trips induced here appears to be fairly 

dependent upon the choice of stepping strategy.  For example, 73% of trials involving a lowering 

strategy resulted in a fall whereas only 25% of trials involving an elevating strategy resulted in a 

fall.  Moreover, older adults and females who exhibited higher fall rates both tended to use a 

lowering strategy more frequently than their young or male counterparts.  Other studies have 

reported a higher prevalence of lowering strategy among older adults (Pavol et al. 2001) and 

obese adult fallers (Rosenblatt and Grabiner 2012). For older adults it has been shown that 

practicing balance recovery from a simulated trip improves recovery kinematics following an 

actual trip (Bieryla et al. 2007, Grabiner et al. 2012). This training may be effective in promoting 

more frequent use of the elevating strategy during mid-swing trips.   
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Recovery step time and length exhibited practically no effects of obesity, age, and gender, and 

even exhibited no differences between falls and recoveries.  This was unexpected given others 

have reported a longer step time (Pijnappels et al. 2005) and shorter step length among older 

adults  (Pijnappels et al. 2005, Schillings et al. 2005) and among falls compared to recoveries 

(Pavol et al. 2001). The recovery step is crucial in arresting the whole body angular momentum 

induced by the trip by extending the base of support anteriorly, and providing vertical and 

posterior ground reaction forces. These results suggest other aspects of trip recovery, besides 

recovery step time and length, have a large influence on whether balance is successfully 

recovered. Two possible other aspects of trip recovery include stance leg contributions to both 

decelerate trunk kinematics while stepping (Pijnappels et al. 2004) and the support phase of 

balance recovery after completing the recovery step (Madigan and Lloyd 2005).  As noted above, 

balance recovery training has the potential to improve these aspects of trip recovery to make 

stepping more effective.  

 

There are several limitations to this study that warrant discussion. First, participants were 

informed that they may be perturbed to elicit a trip or slip during any walk down the walkway. 

As such, anticipation effects may have existed.  However, several precautions were taken to 

reduce this effect including, distractions (watching television) and ample time between the start 

of testing and the induced trip. Second, as with any cross sectional study, other differences 

between groups besides the characteristics reported here could have contributed to the results. 

Third, skin movement artifacts are typically exaggerated in obese individuals due to increased 

adipose tissue which could cause errors in kinematic data. However, care was taken in securing 

thigh and sacrum clusters to the participant to avoid such movement. 
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6.6 Conclusions  

Obese adults fell more frequently after tripping compared to normal-weight counterparts, and 

had higher peak trunk angles and angular velocities. This higher fall rate may help explain the 

higher fall rates among obese adults reported elsewhere. Older and female adults also fell more 

frequently after tripping compared to their young and male counterparts, which may also explain 

the higher fall rates among older adults and females reported elsewhere.  Failed recoveries were 

associated with higher peak trunk angles and angular velocities in addition to the use of a 

lowering strategy. Obese, older, and female adults had higher peak trunk angles and angular 

velocities and older adults and females used lowering strategies more often. These alterations in 

trunk kinematics and stepping strategy may have contributed to the higher fall rate among these 

individuals.  Surprisingly, recovery step length and time did not differ with obesity, age, gender, 

or between falls and recoveries. 
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Chapter 7: Conclusion  

 

7.1 Summary 

Four experimental studies were completed to evaluate the effects of obesity and age on the 

likelihood of tripping and subsequent balance recovery. The first study (Chapter 3) investigated 

the effects of obesity, age and gender of the likelihood of tripping during level walking through 

measures of median minimum foot clearance (MFC) and MFC interquartile range (IQR).  There 

was no substantial influence of obesity on the likelihood of tripping during level walking. As 

such, the higher rate of falls among individuals who are obese does not appear to be due to a 

greater likelihood of tripping. Other novel results from this study suggest an increased likelihood 

of tripping among females and individuals of shorter stature. 

 

The second study (Chapter 4) investigated the effects of load carriage and ramp walking on the 

likelihood of tripping, and the effects of obesity and age on the likelihood of tripping during load 

carriage and ramp walking. Again median MFC and MFC IQR were used as descriptive 

measures for the likelihood of tripping. Load carriage increased the likelihood of tripping during 

both level and ramp walking. Advanced age increased the likelihood of tripping during ramp 

descent and both obesity and advanced age increased the likelihood of tripping during ramp 

ascent with load carriage. These results suggest that the increased rate of falling during load 

carriage and the increased rate of falling among obese and older adult workers reported 

elsewhere may be due in part to an increased risk of tripping.  
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The third study (Chapter 5) proposed a new method to investigate the likelihood of tripping as a 

function of obstacle height that clears up ambiguous results often encountered when using MFC 

central tendency and variability. The method involved creation of trip probability curves and the 

use of a statistical bootstrapping technique to compare trip probability at specific obstacle 

heights between groups of interest. In addition to clearing up ambiguities the method was also 

able to identify effects of factors not identifiable by the commonly used ANOVA analysis using 

MFC central tendency and variability.  

 

The fourth study (Chapter 6) evaluated the effects of obesity, age and gender on balance 

recovery following a lab induced trip perturbation. Fall rate, trunk kinematics and stepping 

characteristics were investigated as measures of balance recovery. Obese, older, and female 

adults fell more frequently after tripping and this higher fall rate may help explain the higher fall 

rates among obese, older and female adults reported elsewhere. Other novel results revealed 

failed recoveries were associated with higher peak trunk angles and angular velocities in addition 

to the use of a lowering strategy. Obese, older, and female adults had higher peak trunk angles 

and angular velocities and older adults and females used lowering strategies more often. These 

alterations in trunk kinematics and stepping strategy may have contributed to the higher fall rate 

among these individuals.  

 

The goal of this dissertation was to better understand the mechanisms contributing to the 

increased risk of falling among obese and older adults during every day and occupational tasks.  

There are three main contributions of this research. First, this was the first study to examine the 
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effects of obesity and obesity x age interactions on the likelihood of tripping and balance 

recovery following a trip. Results suggested that the increased fall rate reported elsewhere among 

obese and older adults is likely due in part to an impaired ability to recover balance after tripping 

and less likely due to an increased risk of tripping while walking.  Secondly, this research 

identified and rectified issues concerning commonly used ANOVA analyses using MFC central 

tendency and variability to quantify the likelihood of tripping. The developed method has the 

advantage of identifying specific obstacle heights at which differences in trip probability exist 

between groups of interest which may be helpful for various trip and fall prevention strategies.  

Lastly, understanding the mechanisms that contribute to increased fall rates among obese and 

older adults could aid in the development of inclusive safety standards for the increasing 

populations of obese and older adults in addition to help identify modifiable risk factors for 

targeted interventions.  

 

 

7.2 Expected Publications 

Table 7.1: Expected publications from studies. Note: * In Review   

Chapter Title Journal 

3 Minimum foot clearance during overground walking is 

lower among females but does not differ with obesity 

Journal of 

Electromyography and 
Kinesiology* 

4 The effects of obesity and age on minimum foot 

clearance during occupationally relevant tasks 
 

Gait and Posture 

5 A bootstrapping method to assess the influence of age, 
obesity, gender, and gait speed on probability of 

tripping as a function of obstacle height 

Journal of Biomechanics* 
(short communication) 

6 Obesity and advanced age increase fall rate following 
a laboratory-induced trip 

Gait and Posture 
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7.3 Future Work  

Further research is warranted to better understand the effects reported here. There are several 

issues concerning the use of MFC as a descriptive measure for likelihood of tripping.  First, to 

the best of our knowledge no studies have correlated measures of MFC with actual trip 

occurrence. Second, both the bootstrapping method and the median MFC and MFC IQR method 

depend only upon foot clearance at the instant MFC occurs, even though a trip could occur at 

other instances during the swing phase. Once these issue are rectified, analysis on the effects of 

obesity and age on likelihood of tripping should be reexamined. With respect to balance recovery 

following a trip, a deeper analysis should be conducted investigating additional variables such as 

joint moment and power in the stance and recovery limbs, whole body angular momentum, and 

muscle activation and response timing. This would allow a better understanding of the 

mechanisms involved in failed recoveries and further identify modifiable risk factors for targeted 

interventions. Research is underway to address these issues and enhance our understanding of the 

effects of age and obesity on likelihood of tripping and subsequent balance recovery.   

 

 


