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ABSTRACT 

 

Trip-induced falls are a leading cause of injuries among adults aged 65 years or older. Perturbation-

based balance training (PBT) has emerged as an exercise-based fall prevention intervention and 

shown efficacy in reducing the risk of trip-induced falls. The broad goal of my PhD research was 

to advance the application of this so-called trip training through three studies designed to address 

existing knowledge gaps. First, trip training is commonly conducted with the aid of costly 

specialized treadmills to induce trip-like perturbations. An alternative version of trip training that 

eliminates the need for a treadmill would enhance training feasibility and enable wider adoption. 

The goal of the first study was to compare the effects of non-treadmill training (NT), treadmill 

training (TT), and a control (i.e., no training) on reactive balance after laboratory-induced trips 

among community-dwelling older adults. After three weeks of the assigned intervention, 

participants were exposed to two laboratory-induced trips while walking. Results showed different 

beneficial effects of NT and TT. For example, NT may be more beneficial in improving recovery 

step kinematics, while TT may be more beneficial in improving trunk kinematics, compared to the 

control. While the first study showed the effects of PBT on laboratory-induced trips, little is known 

about how such training affects responses to real-world trips. Responses to real-world trips may 

be captured using wearable inertial measurement units (IMUs), yet IMUs have not been adequately 

validated for this use. Therefore, the goal of the second study was to investigate the concurrent 

validity of IMU-based trunk kinematics against the gold standard optical motion capture (OMC)-

based trunk kinematics after overground trips among community-dwelling older adults. During 

two laboratory-induced trips, participants wore two IMUs placed on the sternum and shoulder, and 

OMC markers placed at anatomical landmarks of the trunk segment. Results showed that IMU-

based trunk kinematics differed between falls and recoveries after overground trips, and exhibited 

at least good correlation (Pearson’s correlation coefficient, r > 0.5) with the gold standard OMC-

based trunk kinematics. The goal of the third study was then to explore differences in tripping 

kinematics between the laboratory and real world using wearable IMUs among community-

dwelling older adults. Participants were asked to wear three IMUs (for sternum and both feet) and 

a voice recorder to capture their responses to real-world losses of balance (LOBs) during their 

daily activities for three weeks. Results showed a higher variance in laboratory-induced trips than 

real-world trips, and the study demonstrated the feasibility of using IMUs and a voice recorder to 

understand the underlying mechanisms and context of real-world LOBs. Overall, this work was 

innovative by evaluating a non-treadmill version of trip training, establishing the validity of IMUs 

in capturing kinematic responses after overground trips, and applying IMUs and a voice recorder 

to assess tripping kinematics in the real world. The results from this work will advance the use of 

PBT to reduce the prevalence of trip-induced falls and to investigate the real-world effects of such 

trip training in future studies. 
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GENERAL AUDIENCE ABSTRACT 

 

Trips and falls are a major health problem especially among older adults who are aged 65 years or 

older. Researchers have developed an innovative exercise-based fall prevention training program, 

which has shown to be helpful in reducing trips and falls. The broad goal of my PhD research was 

to advance the use of this so-called trip training through three new research studies. First, 

specialized treadmills are commonly used for trip training to simulate trip-induced falls. An 

alternative version of trip training without a treadmill would allow more people to receive benefits 

from this training. The goal of the first study was to compare the effects of non-treadmill training 

(NT), treadmill training (TT), and no training on balance recovery after tripping in the laboratory. 

Older adults living in the local community were recruited as research participants and completed 

NT, TT, or no training over three weeks. After that, they attended a laboratory session where they 

were tripped twice while walking on a walkway. Results showed that NT helped to take a longer 

and faster recovery step, while TT helped to limit trunk forward bending during tripping, both of 

which are important movements to prevent falling after tripping. While the first study showed 

benefits of trip training in the laboratory, not much is known about the benefits of trip training in 

the real world. Wearable sensors called inertial measurement units can record body movements 

without laboratory motion capture cameras, but their ability to record dynamic body movements 

during tripping needs to be tested. The goal of the second study was to evaluate the capabilities of 

these wearable sensors on recording trunk movements during tripping and compare them to those 

recorded by laboratory motion capture cameras. Participants were tripped twice in the laboratory, 

and their trunk movements were recorded by several wearable sensors and laboratory motion 

capture cameras. Results showed that these wearable sensors can distinguish between fallers and 

non-fallers after tripping, and that the trunk movements recorded by the wearable sensors were 

associated with those recorded by the laboratory motion capture cameras. With this confirmation, 

the third study was designed to compare balance recovery after tripping between the laboratory 

and real world using wearable sensors. Participants were asked to wear three wearable sensors and 

a voice recorder during their daily activities for three weeks. The wearable sensors recorded their 

trunk and feet movements, while the voice recorder was used for participants to provide detailed 

explanations of balance losses they experienced. Results showed a higher variability in balance 

recovery from the laboratory trips compared to the real-world trips. In addition, this study 

demonstrated that wearable sensors and a voice recorder can be used to study how people reacted 

to a balance loss and what they did to recover (or fall) from it. Overall, my PhD research work 

suggested a new version of trip training that does not require a treadmill, proved that wearable 

sensors can be used to record important body movements during tripping, and demonstrated the 

method to study balance recovery responses in the real world using wearable sensors. The results 

from the three studies will promote the use of trip training and provide guidelines for evaluating 

benefits of trip training in the real world. 
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Specific Aims 

 

Trip-induced falls remain highly prevalent and a major source of injuries despite mitigation efforts. Research has 

shown that many trip-induced falls result from an ineffective kinematic response to a trip-induced loss of balance 

(LOB). Perturbation-based balance training (PBT) is an innovative approach to fall prevention that leverages 

motor learning principles through repeated exposure to perturbations that induce a LOB in a safe, controlled 

manner to improve the effectiveness of these responses. So-called trip training is a task-specific version of PBT 

using simulated trips as perturbations to target trip-induced falls. Trip training studies have demonstrated efficacy 

through improved fall rates and kinematic responses after laboratory-induced trips. 

 

The broad goal of my PhD dissertation research was to advance the application of trip training for fall prevention 

by addressing three knowledge gaps. First, trip training is commonly conducted with the aid of costly specialized 

treadmills (i.e., treadmill training or TT). An alternative non-treadmill training (NT) regimen that does not require 

a specialized treadmill would enhance its feasibility and enable wider adoption. Second, kinematic responses to 

real-world LOBs may be captured using wearable inertial measurement units (IMUs), yet the validity of their use 

for this application needs to be evaluated. Third, trip training has been shown to reduce fall rates and improve 

reactive balance after laboratory-induced trips, but the translation of these effects to the real world remains unclear. 

Wearable IMUs enable real-world kinematic assessment and may allow comparison in tripping kinematics 

between the laboratory and real world. Below three studies are proposed: 

  

Specific Aim #1: Compare the effects of NT, TT, and a control on reactive balance after laboratory-induced 

trips. Thirty community-dwelling older adults (age 65-80) were assigned to either NT (n=10), TT (n=10), or a 

control (n=10). Participants attended six training sessions in the laboratory over three weeks and then completed 

a post-training experimental session involving two laboratory-induced trips. Outcome measures were key 

kinematic measures associated with successful balance recovery after laboratory-induced trips. 

Hypothesis 1: NT and TT participants will exhibit improved fall rates and reactive balance compared to control 

participants. 

Hypothesis 2: TT participants will exhibit a lower fall rate and better reactive balance compared to NT participants. 

 

Specific Aim #2: Investigate the concurrent validity of IMU-based trunk kinematics against optical motion 

capture (OMC)-based trunk kinematics after laboratory-induced trips. All 30 participants from Aim 1 wore 

both IMUs and OMC markers to capture their trunk kinematic responses after laboratory-induced trips. The 

concurrent validity of key trunk kinematic measures of trip recovery from IMUs was determined by comparison 

with the same measures from a gold-standard OMC system. 

Hypothesis 3: Change in trunk angle and sternum drop measured by both IMUs and OMC will differ between 

falls and recoveries, and exhibit at least good correlation (Pearson’s correlation coefficient, r > 0.5) between the 

two systems. 

Hypothesis 4: Change in trunk angle and sternum drop measured by a participant-placed sternum IMU will exhibit 

a larger variance in their errors against OMC (i.e., difference between IMUs and OMC) than a researcher-placed 

sternum IMU. 

 

Specific Aim #3: Explore differences in tripping kinematics between the laboratory and real world – A 

Pilot Study. Twenty participants from Aim 1 (TT and control participants) were asked to wear IMUs during their 

daily life for three weeks to capture their kinematic responses to real-world trips. After that, they were exposed 

to two laboratory-induced trips. Outcome measures were key trunk kinematic measures of trip recovery.  

Hypothesis 5: Tripping kinematics will exhibit a higher variance in the real world than in the laboratory. 

 

This work is innovative by evaluating a non-treadmill version of trip training that requires lower cost and less 

equipment, establishing the validity of IMUs in capturing kinematic responses after overground trips, and 

applying IMUs to assess tripping kinematics in the real world. The results from this work will advance the use of 

PBT, and hopefully enable its wider use to reduce the prevalence of trip-induced falls. 
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Chapter 1. Background 

1.1. Slips, Trips, and Falls 

Slips, trips, and falls (STFs) among older adults are highly prevalent and a significant cause of 

morbidity and mortality (Bergen et al., 2016; Houry et al., 2016; Stevens et al., 2014). According 

to Centers for Disease Control and Prevention (2017), unintentional falls are the leading cause of 

non-fatal and fatal injuries among individuals aged 65 years or older in the United States. A survey 

conducted in 2014 reported that 29% of older adults fell at least once in the last 12 months for a 

total of  29 million falls, of which seven million resulted in injuries (Bergen et al., 2016). In 2015, 

the medical expenditure attributable to fatal and non-fatal injurious falls among older adults was 

approximately $50 billion (Florence et al., 2018). With the current growth of the older population, 

STF prevalence, their associated injuries, and their associated medical costs are also expected to 

increase (Cigolle et al., 2015; Houry et al., 2016; Murray et al., 2012). 

 

Slips are a common cause of falls. Slips are responsible for about 40% of all outdoor falls among 

community-dwelling older adults (Luukinen et al., 2000). Such slips may lead to sprains/strains 

(Yoon & Lockhart, 2006) and fractures (Yang et al., 2012). Slips occur when the friction needed 

to prevent excessive relative movement at the interface between the walking surface and the shoe 

sole (i.e., required friction) exceeds available friction at this interface (Redfern et al., 2001). Slips 

typically occur at heel-strike or toe-off of the gait cycle (Redfern et al., 2001). Slips at heel-strike 

are generally considered more difficult to recover from and therefore are more likely to lead to a 

fall (Redfern et al., 2001). For this reason, this chapter will focus on slips at heel-strike. Slips at 

heel-strike typically result in backward loss of balance (LOB). Slip severity is commonly 

determined using slip distance and peak slip velocity (Redfern et al., 2001), with one study 
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suggesting that a slip will likely result in a fall if the slip distance exceeds 10 cm or if the peak slip 

velocity exceeds 0.5 m/s (Strandberg, 1983). 

 

Appropriate reactive balance responses of the slipping and trailing (non-slipping) feet may arrest 

slips and help avert a fall. For instance, hip extension and knee flexion of the slipping limb may 

decelerate the slipping foot (Cham & Redfern, 2001). Lowering of the trailing limb, which is 

supposed to begin swing phase if it was normal walking, and the extension of its knee and hip can 

also provide more stability by increasing the base of support (Marigold et al., 2003). In addition, 

Allin et al. (2018) suggested that quickly arresting the motion of the slipping foot and placing the 

trailing toe approximately 0-10% body height anterior to the sacrum may help avoid a slip-induced 

fall. 

 

Trips are also a common cause of falls. Trips contribute to 29-53% of falls among community-

dwelling older adults (Berg et al., 1997; Blake et al., 1988; Stevens et al., 2014). Such trips may 

lead to various injuries, such as sprains/strains, contusions, lacerations, and fractures (Lipscomb 

et al., 2006; Troy & Grabiner, 2007). Trips occur during swing phase of the gait cycle when the 

forward motion of the swing foot is obstructed due to inadequate clearance with an obstacle (Chang 

et al., 2016; Grabiner et al., 1993). Trip-induced falls typically result in forward LOB. Minimum 

foot (or toe) clearance is the smallest vertical distance between the ground and the swing foot (or 

toe) near mid-swing phase, during which one is particularly vulnerable to trips (Winter, 1992). A 

decrease in minimum foot clearance or increase in foot clearance variability are both independently 

associated with an increased risk of tripping (Begg et al., 2007).  

 



3 

Studies have investigated the requisites for successful balance recovery after a trip. Reactive 

stepping characteristics, and trunk kinematics at the completion of the initial recovery step, are 

considered important to avert a trip-induced fall (Owings et al., 2001; Van Dieen et al., 2005). 

More specifically, quickly arresting trunk flexion (i.e., smaller trunk flexion angle and velocity), 

completing a recovery step to sufficiently extend the base of support, and maintaining sufficient 

hip height are significant to prevent falling after a trip (Grabiner et al., 2012; Pavol et al., 2001; 

Pijnappels et al., 2005). 

 

1.2. Fall Prevention Interventions 

Numerous fall prevention interventions are available including non-exercise and exercise-based 

interventions. In general, these interventions attempt to address risk factors for falls (Table 1.1). 

Non-exercise fall prevention interventions target individual, environmental, and behavioral risk 

factors. Examples include medical evaluation/intervention, e.g., low vision adaptations and 

medication review (Clemson et al., 2004; Davison et al., 2005; Harwood et al., 2005; Logan et al., 

2010), environmental modification, e.g., identify and eliminate fall hazards at home (Campbell et 

al., 2005; Cumming et al., 1999; Kunzler et al., 2018; Logan et al., 2010), and behavioral education, 

e.g., improve home and community behavioral safety (Campbell et al., 2005; Clemson et al., 2004; 

Cumming et al., 1999; Logan et al., 2010). Exercise-based fall prevention interventions target 

individual and behavioral risk factors. Examples include strength (Buchner et al., 1997b; Claudino 

et al., 2021; Prata & Scheicher, 2015), balance (Gusi et al., 2012; Prata & Scheicher, 2015), 

endurance (Buchner et al., 1997a, 1997b), and flexibility training (Bird et al., 2009). 
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Table 1.1. Types of risk factors for falls and some examples. 

 

Types Examples 

Individual 
Muscle weakness, abnormalities in balance and gait, 

cognitive impairments, low vision, fear of falling 

Environmental Mats/rugs, footwear, lighting, stairs, electrical cords 

Behavioral (or activity) Awareness of hazards and falls, getting up from a chair 

 

1.2.1. Exercise-Based Fall Prevention Interventions 

Given that decreased strength is a risk factor for falling (Tinetti & Kumar, 2010), strength training 

is a common exercise-based fall prevention intervention. Different forms of strength exercise 

programs exist including resistance training (i.e., progressive and high-intensity exercises), which 

has shown 57.3% and 30.6% reduction in a fall risk score and sway after training, respectively, 

compared to other non-strength exercise programs, such as agility training and stretching, among 

community-dwelling older women aged 75-85 years old (Liu‐Ambrose et al., 2004). However, a 

high heterogeneity in such strength exercise programs for fall prevention makes it difficult to draw 

definitive conclusions (Claudino et al., 2021). A recent systematic review and meta-analysis on 

strength training to prevent falls among older adults (Claudino et al., 2021) reported that strength 

training alone can be an effective exercise program as other unimodal or multimodal exercise 

programs for fall prevention in older adults. It suggested general strength training guidelines for 

reducing falls among older adults: (1) perform some form strength training three or more times per 

week, (2) progress intensity from low to moderate, and (3) include power-based strength training 

if possible. Further research is necessary to investigate the retention of such strength training 

effects and how often re-training is required. 
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Balance training is another exercise-based fall prevention intervention, given that balance 

impairment is another risk factor for falling (Granacher et al., 2011; Pfortmueller et al., 2014). 

Balance training can be categorized into steady-state and reactive balance exercises (Granacher et 

al., 2012). Steady-state balance exercises consist of tasks that challenge balance during voluntary 

static or dynamic motions, i.e., internal perturbations (Gerards et al., 2017; Mansfield et al., 2018). 

For example, static balance exercises can include unipedal and tandem standing (Sakamoto et al., 

2006; Steadman et al., 2003), and dynamic balance exercises can include walking on the tips of 

the toes or on the heel and walking sideways (Madureira et al., 2007). On the other hand, reactive 

balance exercises utilize external perturbations while standing or walking to disturb one’s balance. 

For example, reactive balance exercises apply postural disturbances by outside forces, like pushing 

and pulling by others or lean-and-release (Gerards et al., 2017; Mansfield et al., 2018). A 

systematic review and meta-analysis on exercises to prevent falls among older adults (Sherrington 

et al., 2017) showed that greater effects in reducing falls among older adults were found for 

exercise programs that challenge balance, which supports the importance of balance training as a 

fall prevention exercise. However, further research is needed to better understand dose-response 

relationships, retention of training effects, and re-training requirements for balance training, as 

well as to expand its adoption in wider range of population at high risk of falls (Lesinski et al., 

2015). 

 

A combination of strength and balance training has also been employed as an exercise-based fall 

prevention intervention to target these two major risk factors (Pfortmueller et al., 2014). For 

example, Otago Exercise Program is a home-based exercise program involving a series of lower 

extremity strengthening and balance (re)training exercises at increasing levels of difficulty, 
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instructed by a physiotherapist who visits home during the first several months and remains in 

telephone contact afterward for advice as the participants continue the training at home by 

themselves. Campbell et al. (1999) reported women aged 80 years or older who participated in 

Otago for two years showed a significantly lower rate of falls than those who received usual care 

and social visits at home for the same two-year time frame (i.e., falls per person year = 0.83 and 

1.19 for the Otago and control groups, respectively). A systematic review and meta-analysis 

(Thomas et al., 2010) reported that Otago lowered fall rates by 34% over 12 months after training 

first initiated and continued among community-dwelling older adults. Modified versions of Otago 

tailored to individual characteristics (e.g., health conditions and history of falls) and preferences 

(e.g., individual home-based vs. group and instructor-led vs. technology-based) were investigated 

(Martins et al., 2018). These modified versions improved physical function and balance, but it 

remains unclear whether they are as effective as the original program, and if these modified 

versions improve compliance given that greater effects can be achieved with higher compliance 

(Martins et al., 2018; Thomas et al., 2010). 

 

Tai Chi is another exercise-based fall prevention intervention that has demonstrated wide use and 

effectiveness. It is a traditional Chinese mind-body exercise that is practiced for fitness and health, 

especially among older adults, because it is easy to learn and involves low-impact, slow-motion 

movements (e.g., weight shifting in different directions, awareness of body alignment, and 

coordination of arms, legs, and trunk) (Hu et al., 2016; Lan et al., 2013; Wang et al., 2004). Tai 

Chi has shown to reduce falls by 17-49% (Logghe et al., 2010), decrease in fear of falling, and 

improve balance (Hu et al., 2016; Leung et al., 2011; Logghe et al., 2010). A systematic review 

and meta-analysis (Hu et al., 2016) speculated that the combination of muscular, skeletal, and 
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neural functions required during Tai Chi exercise may be the underlying mechanisms how Tai Chi 

helps reduce the risk of falls among older adults. Another systematic and meta-analytical review 

(Leung et al., 2011) stated that Tai Chi can improve postural stability, somatosensory awareness, 

and neuromuscular control. In addition, Leung et al. (2011) noted other benefits of Tai Chi 

including that it is easily understood and enjoyable by many older adults, requires no special 

equipment, and can be performed virtually anywhere and at any time. A few important questions 

remain, however, regarding the use of Tai Chi as an exercise-based fall prevention intervention. 

First, the optimal dosage of Tai Chi exercise for fall prevention remains unclear. Second, the 

retention duration of training benefits, or how often re-training is needed, are also unclear (Leung 

et al., 2011; Logghe et al., 2010). 

 

1.2.2. Leveraging Motor Learning Principles 

The exercise-based fall prevention interventions described above aim to address general aspects 

of physical function (e.g., strength and balance) based upon these factors being identified as risk 

factors for falls. The premise is that improving these general aspects of physical function will result 

in a reduction in fall risk. However, the transfer of such training improvements to the quick and 

specific LOB response needed to avert a fall may not be significant (Lurie et al., 2013; Mansfield 

et al., 2010; Pai et al., 2014). In fact, a review of fall prevention exercise interventions by 

Sherrington et al. (2017) concluded that exercises that challenge balance are most effective at fall 

prevention. Another exercise-based fall prevention approach is to leverage principles of motor 

learning. According to motor learning theory, the movements and sensory stimuli used during 

training should closely match the movements and sensory stimuli used during the task of interest 

for permanent change in behavior (i.e., specificity of training) (Bachman, 1961; Gliner, 1985; 
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Hubbard et al., 2009). Because many falls occur as a result of a deficient kinematic response to a 

LOB, a motor learned-based training regimen that aims to improve the kinematic response to a 

LOB may be a viable approach for reducing falls (Grabiner et al., 2012; Grabiner et al., 2014; 

Granacher et al., 2011; Takacs et al., 2013). 

 

Perturbation-based balance training (PBT) has emerged to incorporate the principles of motor 

learning to an exercise-based fall prevention intervention (Gerards et al., 2017). Volitional step 

training regimens are one type of PBT designed based upon the premise that preventing falls after 

a LOB commonly requires stepping to expand the body’s base of support (Owings et al., 2001). 

During volitional step training, participants are instructed to voluntarily step on targets (e.g., step 

pads, mats, or marks on the floor) or over obstacles upon a cue to practice stepping under various 

conditions using different speeds, directions, and step lengths (Okubo et al., 2017; Schoene et al., 

2013; Shigematsu & Okura, 2006). For example, Shigematsu and Okura (2006) developed a square 

stepping exercise program that involves participants stepping on squares on a mat in a specified 

order that varies difficulty level. They reported that older adults aged 60-80 years who completed 

the program showed improvements in agility, leg power, locomotion speed, flexibility, and balance, 

all of which constitutes a risk factor for falls if lacking. In addition, Schoene et al. (2013) asked 

adults aged 65 years or older to complete an exergame (i.e., a computerized step pad system 

connected to TV) to practice stepping, with instructions presenting different directions and timings 

of steps through the screen. They showed that participants who completed the exergame over eight 

weeks improved physical and cognitive parameters of fall risks (i.e., step reaction and movement 

times, postural sway, and contrast sensitivity). While these studies have demonstrated clear 

benefits with respect to fall prevention, volitional step training may not mimic the need to quickly 
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respond to an unexpected LOB that commonly occurs in real life (Luchies et al., 1999; Mansfield 

et al., 2010; Pai et al., 2014). 

 

Another type of PBT that uses larger, more sudden perturbations than volitional step training is 

reactive balance training. It differs from volitional step training by applying some form of 

unexpected postural perturbation to participants. Studies have used a variety of strategies to apply 

perturbations including specialized treadmill or moveable platform to induce perturbations while 

participants were standing, and ground surface compliance changes or treadmill belt 

accelerations/decelerations while participants were walking (Aviles et al., 2019; Grabiner et al., 

2012; McCrum et al., 2017). Based upon motor learning theory, repeated exposure to perturbations, 

along with associated sensory feedback on performance, can elicit improvements in the 

neuromuscular responses to these perturbations and resulting LOB. Reactive balance training can 

also be task-specific by closely matching training to specific types of perturbations, including real-

life fall incidence scenarios with which people may encounter during daily life (Gerards et al., 

2017; Mansfield et al., 2015; McCrum et al., 2017). For example, tripping and slipping are often 

targeted given their high prevalence in inducing falls (Allin et al., 2020; Aviles et al., 2019; 

Mansfield et al., 2015). 

 

Numerous studies have employed task-specific PBT. One example is so-called trip training to 

reduce the risk of trip-induced falls. These studies have employed different ways to implement trip 

training, which include perturbation from standing, perturbation while walking overground, and 

perturbation while walking on a treadmill. Grabiner et al. (2012) examined the effects of treadmill-

induced postural perturbations from standing position among community-dwelling middle age and 
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older women. The outcome assessment involved exposing participants to a laboratory-induced trip 

while walking on a walkway. Compared to the control group who received no training, the trip 

training group showed 22% fewer falls, 43% decrease in trunk flexion angle at recovery step 

completion, and 362% increase in trunk extension velocity at recovery step completion after the 

laboratory-induced trip. Wang et al. (2020) investigated the effects of repeated obstacle-induced 

trip training while walking on a walkway among community-dwelling older adults. The outcome 

assessment was obstacle-induced trips in laboratory over the course of training during which mixed 

blocks of trip and normal walking trials were performed. While 48% of the participants fell during 

the first trip trial, none of the participants fell during the last trip trial. The training effect was also 

retained after a 30-min retention interval (i.e., no difference in fall rates between the last trip trial 

during training and the trip trial after the retention period). In addition, this trip training led to 

improvements in proactive balance (i.e., reduced center-of-mass velocity and higher toe clearance) 

and reactive balance (i.e., decreased forward instability and reduced forward trunk rotation at 

recovery step). Sessoms et al. (2014) assessed the feasibility of treadmill-induced postural 

perturbations while walking on a treadmill as a potential trip-related fall risk assessment and 

training tool among U.S. military active-duty members who were with unilateral lower limb 

amputation, but a highly functional male aged 18-40 years. The outcome assessment measured 

peak trunk flexion angle and velocity during the initial recovery step following the perturbation. 

The peak trunk flexion angle and velocity were 31 deg and 131 deg/s smaller when participants 

recovered from treadmill-induced trip-like postural perturbations, as compared to when 

participants fell. These results supported the utility of such treadmill-induced postural 

perturbations while walking on a treadmill as a potential tool to assess trip-related fall risk and 

reduce trip-induced falls. 
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1.3. Limitations of Past Research 

As described above, task-specific PBT such as trip training has shown promising results as an 

effective intervention to reduce fall rates and improve reactive balance after tripping. However, 

there are limitations that may hinder training adoption and widespread use. First, most trip training 

protocols use specialized treadmills that have significant cost requirements (Gerards et al., 2017; 

Mansfield et al., 2015; McCrum et al., 2017). These treadmills and any associated equipment (e.g., 

gantry for fall protection during training) require non-trivial space resources and can be 

cumbersome to move, if necessary. In addition, operators of these specialized treadmills require 

some level of technical training to operate the equipment. These requirements result in barriers for 

adoption by organizations and limit its widespread use. 

 

Furthermore, researchers have traditionally used reflective markers and optical motion capture 

(OMC) systems to investigate reactive balance after laboratory-induced trips. (Allin et al., 2020; 

Crenshaw et al., 2013; Okubo et al., 2019; Pavol et al., 2001; Pijnappels et al., 2005). Although 

these systems are considered the gold standard for capturing body kinematics in biomechanics 

research, they require significant financial and space resources that can be barriers to their 

procurement and use. OMC systems also require setting up multiple cameras in a fixed location, 

which makes it difficult to conduct research outside a laboratory setting. 

 

Lastly, numerous laboratory studies have induced trips among older adults to identify factors 

affecting trip recovery (Garman et al., 2015; Pater et al., 2016; Rosenblatt & Madigan, 2021), 

explore the biomechanical mechanisms underlying trip-induced falls (Pavol et al., 2001; Pijnappels 
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et al., 2005; Van Dieen et al., 2005), and evaluate the efficacy of interventions aiming to reduce 

the prevalence of trip-induced falls (Aviles et al., 2019; Bieryla et al., 2007; Grabiner et al., 2012; 

Song et al., 2021; Wang et al., 2020). However, translation of these laboratory findings to real 

world (i.e., outside a research laboratory setting and during daily life) remains unclear because 

tripping scenarios, such as environmental or behavioral variations, in the real world are expected 

be more varied and diverse than those in a controlled laboratory tripping study. 

 

1.4. Conclusion 

Many exercised-based fall prevention interventions have been proposed, evaluated, and 

implemented to address risk factors for falls among older adults. Recent studies have demonstrated 

great promise for PBT using specialized treadmills, likely due to its greater specificity with respect 

to fall prevention than other forms of interventions. However, the cost requirements of specialized 

treadmills to implement such training are likely to limit its widespread use outside of the research 

setting. A less costly non-treadmill-based fall prevention intervention may promote adoption and 

accessibility of PBT. Furthermore, prior studies have used marker-based OMC systems to examine 

reactive balance after tripping. Despite their high accuracy, OMC systems are costly and 

cumbersome to set up. As an alternative, wearable inertial measurement units (IMUs) may provide 

quantitative kinematic data with reduced costs and space needs. Lastly, translation of laboratory-

based findings from prior trip studies to real world remains unclear. Wearable IMUs can facilitate 

a direct comparison in tripping kinematics between the laboratory and real-world. Such a 

comparison may help fill existing knowledge gaps and provide directions for future trip studies. 
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Chapter 2. Effects of Non-Treadmill Trip Training on Reactive Balance after Laboratory-

Induced Trips among Community-Dwelling Older Adults 

2.1. Introduction 

Falls are the leading cause of injuries among adults aged 65 years or older in the United States 

(Bergen et al., 2016; Centers for Disease Control and Prevention, 2017). These falls are costly with 

annual medical expenditures of $50 billion (Florence et al., 2018). A large number of falls 

experienced by older adults are due to an age-related decline in reactive balance after a trip-induced 

loss of balance (LOB) (Berg et al., 1997; Pavol et al., 1999; Stevens et al., 2014; Van Dieen et al., 

2005). Perturbation-based balance training (PBT) has received growing interest as a fall prevention 

intervention (Gerards et al., 2017; Mansfield, Wong, et al., 2015; Okubo et al., 2017), with the 

goal of improving this reactive balance ability. In fact, a growing number of studies have shown 

that PBT targeting trips improves reactive balance after laboratory-induced trips (Bieryla et al., 

2007; Grabiner et al., 2012; Wang et al., 2020) and decrease fall rates after real-world trips 

(Rosenblatt et al., 2013). Past studies have implemented this so-called trip training by simulating 

trips using treadmill perturbations from standing (Aviles et al., 2019; Grabiner et al., 2012), 

obstacle-induced perturbations while walking overground (Wang et al., 2020), and treadmill 

perturbations while walking on a treadmill (Pinata H. Sessoms et al., 2014). 

 

Potential barriers to the wider application of treadmill-based trip training (Aviles et al., 2019; 

Bieryla et al., 2007; Kaufman et al., 2014; Lurie et al., 2013; Pigman et al., 2019; Pinata H. 

Sessoms et al., 2014; Song et al., 2021) include the cost and space requirements of a treadmill 

(Aviles et al., 2020). A trip training regimen that does not require a treadmill may facilitate the use 

of this training outside the research setting. In a review, Gerards et al. (2017) described alternative 
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PBT methods used in prior studies among older adults with stroke (Mansfield, Aqui, et al., 2015; 

Mansfield et al., 2017; Marigold et al., 2005). These methods include rapid voluntary movements 

that involve progressive balance challenges (e.g., multidirectional stepping with obstacles) and 

manually-applied perturbations that require reactive stepping to maintain balance (e.g., lean-and-

release, pushing or pulling). Adapting these general perturbations to specifically target reactive 

balance after tripping may enable trip training without the costs and space needs associated with a 

treadmill. 

 

The purpose of this study was to investigate the effects of a task-specific, non-treadmill-based trip 

training regimen on reactive balance among community-dwelling older adults. For comparison, 

separate groups of participants completed treadmill-based trip training or a control (i.e., no 

training). We first hypothesized that non-treadmill training (NT) participants and treadmill training 

(TT) participants will exhibit improved fall rates and reactive balance after laboratory-induced 

trips compared to control group (CG) participants. This hypothesis was based upon the previous 

TT studies showing improved fall rates and reactive balance after laboratory-induced trips 

(Gerards et al., 2017; Grabiner et al., 2014; Mansfield, Wong, et al., 2015). Similar findings were 

expected for NT because both NT and TT specifically aim to improve several important 

movements for successful balance recovery after tripping. We also hypothesized that TT 

participants will exhibit a lower fall rate and better reactive balance after laboratory-induced trips 

compared to NT participants. This hypothesis was based on the statement from a systematic review 

and meta-analysis (Okubo et al., 2017) that a greater balance challenge may lead to a greater 

stimulus for learning how to avert a fall. Since TT involves responses to larger, more sudden trip-

like perturbations than NT, greater improvements were expected from TT than NT. If efficacious, 
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NT could provide a lower cost method for PBT targeting trip-induced falls and facilitate greater 

application outside of the research environment. 

 

2.2. Methods 

Thirty community-dwelling older adults (Figure 2.1) completed the study (12 M and 18 F; mean 

[SD] age: 71.8 [4.4] years; height: 1.68 [0.10] m; mass: 77.1 [16.8] kg; and unipedal stance 

time:17.6 [12.3] sec). Participants were recruited from the university and local community via 

email listservs, flyers, word-of-mouth, and visits to local community organizations. Inclusion 

criteria required participants to be aged 65-80 years, have no lower limb amputation, weigh ≤ 250 

lbs, not use a walker, not be dependent on using a cane all the time, and not regularly do any kind 

of exercise to improve balance (e.g., Tai Chi). Participants were also required to pass a health 

screening questionnaire reviewed by a health care specialist informed of the physical requirements 

of the study. Exclusion criteria explicitly used in this questionnaire included: a history of hip or 

vertebral fracture; current back, leg, or foot pain that interfered with standing or walking; 

hospitalization within the last six months; score ≤ 18 on the Montreal Cognitive Assessment – 

Blind (Wittich et al., 2010); and osteoporosis of the lumbar spine or proximal femur as indicated 

by bone mineral density of t-score < -2.5 obtained from Dual Energy X-ray Absorptiometry (Lunar 

iDXA, GE Healthcare, Chicago, IL). The study was approved by the Virginia Tech Institutional 

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

 



24 

 
 

Figure 2.1. Protocol flow diagram showing participant enrollment, exclusion, and allocation. 

MoCA = Montreal Cognitive Assessment. DEXA = Dual-Energy X-ray Absorptiometry. 

 

The sample size was determined using trunk flexion angle data after laboratory-induced trips 

among middle age and older women from Grabiner et al. (2012) and following the procedure of 

UCLA Statistical Consulting Group (2021). The effect size f-statistic for an analysis involving 

three groups was calculated with G*Power (Faul et al., 2007) using means of 37 deg (falls), 22 

deg (recoveries), and 30 deg (mean of falls and recoveries). The standard deviation was set to 9 

deg (across falls and recoveries). Using trunk flexion angles of falls and recoveries reported by 

Grabiner et al. (2012) for these means is an example of the anchor-based method for estimating 

the minimum important difference (Rai et al., 2015). Based on a one-way analysis of variance and 

a priori power analysis using 80% power and 5% Type I error, a sample size of 27 participants 



25 

was needed across the three groups. To account for potential dropouts, this estimate was increased 

10%, resulting in a total of 30 participants (i.e., 10 participants per group) being recruited. 

 

A three-group post-test design was used. Participants were first assigned to either NT (n=10), TT 

(n=10), or CG (n=10) using minimization (Altman & Bland, 2005; Taves, 1974) to balance groups 

with respect to age, sex, and unipedal stance time (Table 2.1). NT and TT participants completed 

two 45-minute training sessions per week over three weeks in our research laboratory (i.e., a total 

of six training sessions). A multi-day training regimen individualized to each participant’s 

capability was used to improve LOB responses while building confidence and lowering anxiety 

levels from gradual training progressions (Gerards et al., 2017; Okubo et al., 2019). Each of these 

sessions included an active training time of 30 minutes of the assigned intervention. CG 

participants completed no training. After the completion of training, all participants attended an 

outcome assessment session during which they were exposed to two laboratory-induced trips while 

walking on a walkway. To characterize our sample and evaluate any changes due to the assigned 

intervention, clinical tests of balance and mobility were conducted during the first training session 

and the outcome assessment session before the trips. These tests included the timed-up-and-go test 

(Shumway-Cook et al., 2000), unipedal stance time (Vellas et al., 1997), 3-m overground walk test 

with walking start and a purposeful speed (Sustakoski et al., 2015), and Berg Balance Scale (Berg 

et al., 1992). 
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Table 2.1. Participant characteristics. Values are the counts or arithmetic means (standard 

deviations). One-way analysis of variance with group as the independent variable was used to 

compute p-value. 

 

 NT (n=10) TT (n=10) CG (n=10) p-value 

Sex (male / female) 4 / 6 4 / 6 4 / 6 - 

Age (years) 71.9 (4.1) 71.8 (5.2) 71.8 (4.3) 0.998 

Unipedal stance time (s) 18.9 (11.5) 16.5 (12.7) 17.3 (13.8) 0.917 

Height (m) 1.63 (0.08) 1.69 (0.10) 1.70 (0.12) 0.277 

Mass (kg) 69.9 (17.0) 79.6 (15.8) 81.9 (16.8) 0.244 

Number of participants 

reporting one or more falls 

over prior six months 

1 3 1 - 

 

Details of the NT protocol have been published (Lee et al., 2022). Specifically, it targets to improve 

three requisites for balance recovery after tripping, which include limiting trunk flexion, taking a 

long recovery step, and maintaining sufficient hip height (Owings et al., 2001; Pavol et al., 2001; 

Pijnappels et al., 2005; Van Dieen et al., 2005). Each NT session began with a three-minute warm-

up of walking on a treadmill and light stretching. Then, it proceeded to active training consisting 

of four phases with increasing difficulty and similarity to actual trip recovery while walking. Phase 

1 – Rapid Stepping involved volitional stepping exercises from bilateral standing, where the 

participant started to fall forward and then took quick steps to recover balance. The participant was 

encouraged to fall as far forward as possible before starting to step, and also to take a long initial 

recovery step. This exercise was performed first without a trip obstacle, and then with a trip 

obstacle with a height of 8.6 cm. Phase 2 – Trunk Control involved similar stepping exercises as 

Phase 1, but with explicit instructions and emphasis on arresting trunk motion and controlling 

trunk posture to be vertical at touchdown of the first recovery step. Phase 3 – Lean Release 

involved similar exercises as Phases 1 and 2, but with the addition of an “unexpected” forward 
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LOB. The participant leaned forward while being supported by the trainer with his/her hands on 

the participant’s shoulders and his/her arms fully extended in front of the participant. Without 

warning, the trainer released the participant and stepped aside, and the participant took recovery 

steps to regain balance. Phase 4 – Simulated Trip involved self-inducing a trip and practicing 

stepping using the elevating strategy, which is the most common trip recovery strategy used after 

a trip (Eng et al., 1994). The participant stood 6-12 inches away from the trip obstacle, stepped 

toward the obstacle, purposefully tripped on the obstacle, started to fall forward, elevated the 

obstructed foot over the obstacle to recover balance, and then continued walking. Such an exercise 

was repeated, while emphasizing on taking a long initial recovery step and controlling trunk 

posture to be vertical at touchdown of the first recovery step. NT was administered one participant 

at a time, and all phases were individualized to each participant’s capability and rate of 

improvement to continuously challenge the participant. To prevent a fall in the event of an 

unsuccessful balance recovery, two trainers stood in front and side, respectively, of the participant 

and served as spotters. Additionally, during the first training session (and later session if requested 

by the participant), the participant wore a full body fall protection harness suspended from an 

overhead track while becoming familiar with the training protocol and gaining confidence in 

performing these stepping exercises. 

 

The TT group completed trip training with a specialized treadmill (Aviles et al., 2019). TT 

perturbations were induced while the participant was standing on a modified treadmill (Freemotion 

800, Freemotion Fitness, Logan, UT). The treadmill belt was then accelerated posteriorly, varying 

in speed from 0.8 to 2.4 mph, to induce a forward LOB within about 40 msec. Perturbations in the 

reverse belt direction (i.e., 0.8 mph anteriorly) were also included intermittently to reduce 
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anticipation. Starting in the second training session, a slender, rectangular foam block (8.6 x 8.6 

cm cross section) was placed within 3-7 cm in front of the participant’s toes before each 

perturbation to elicit a step over an obstacle, similar to that needed during an actual trip. The 

participant was instructed to react naturally and try to establish a stable gait after perturbations 

(and an initial step over an obstacle, if used). The treadmill belt speed was maintained until one of 

two conditions was met: (1) the participant established a stable gait for several strides, or (2) the 

participant received substantial support from a fall protection harness or a spotter standing next to 

the participant. Based upon the performance of the participant, the treadmill speed was 

progressively increased during each session to continue challenging the participant and to maintain 

variability over the course of training. The participant wore a full body fall protection harness, 

which was supported by an overhead gantry, to protect knees or hands from contact with the 

treadmill in the event of an unsuccessful attempt to recover balance. Each TT session was one-on-

one training where the participant was exposed to up to 40 treadmill perturbations with a 5-minute 

rest break after 20 perturbations. 

 

After the completion of training, participants were exposed to two laboratory-induced trips while 

walking using methods described elsewhere (Allin et al., 2020; Garman et al., 2016). Briefly, 

participants first completed a minimum of 10 walking trials on a 12-meter level walkway where a 

trip obstacle was concealed and leveled with the walkway surface. These walking trials determined 

the appropriate starting location on the walkway to trip participants and to minimize expectation 

of the timing of the trip. Participants were asked to walk at a purposeful speed (i.e., as if they were 

going somewhere) while looking straight ahead. To interject some unexpectedness with respect to 

the timing of the trips, participants were informed that they may or may not be exposed to one or 
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more unexpected trips or slips while walking, and if they experience one of these, simply react 

naturally and continue walking. After completing a minimum of 10 walking trials, the trip obstacle 

was activated and quickly rose to a height of 8.6 cm without warning at the start of the stance 

phase of the non-dominant foot to attempt to trip the dominant foot during its ensuing swing phase. 

Afterward, attempts were made to slip participants (reported elsewhere) and trip participants once 

more (within two additional attempts), each after a minimum of three walking trials. Participants 

wore standardized footwear (New Balance Athletics, Inc.) and a full body fall protection harness 

for their safety in the event of an unsuccessful balance recovery. The harness was attached to an 

overhead track with the length of lanyard adjusted so that the participant’s knees, when asked to 

kneel while allowing the harness to fully support the body weight, were approximately 10 cm from 

the walkway surface. 

 

During the trip trials, whole body kinematics were recorded by a 13-camera motion capture system 

(Qualisys North America, Inc., Buffalo Grove, IL) using 13 reflective markers placed at acromion 

processes (shoulders), xiphoid process, spine at the same height as xiphoid process (back), sacrum, 

greater trochanters (hips), tip of the second toes, lateral malleoli (ankles), and calcanei (heels). The 

marker data were sampled at 128 Hz and later low-pass filtered at 10 Hz (fourth-order, zero-phase-

lag, Butterworth filter). Force applied to the fall protection harness was recorded using a uniaxial 

load cell (Cooper Instruments, Warrenton, VA). The force data were sampled at 1280 Hz and later 

low-pass filtered at 40 Hz (fourth-order, zero-phase-lag, Butterworth filter). Subsequent data 

processing was performed using custom code in MATLAB R2021a (The MathWorks Inc., Natick, 

MA). 

 



30 

For calculating outcome measures, two critical temporal events were first determined: trip onset 

(the time instant at which the tripped foot contacted the trip obstacle as indicated by the resultant 

acceleration of the midpoint of the three foot markers) and touchdown (the time instant at which 

the first recovery step over the trip obstacle contacted the walkway as indicated by the resultant 

acceleration of the midpoint of the three foot markers). The primary outcome measure was trunk 

angle at touchdown (sagittal plane angle determined by a line connecting midpoint of the hip 

markers and midpoint of the xiphoid process and back markers, relative to quiet standing). The 

secondary outcome measures included recovery step length (anterior-posterior distance between 

the ankle marker of the stance limb at trip onset and the ankle marker of the stepping foot at 

touchdown), recovery step speed (anterior-posterior speed determined by dividing the recovery 

step length by recovery step completion time), Distance between mid-hips and step at touchdown 

(anterior-posterior distance between the midpoint of the hip markers and toe marker at touchdown), 

and sacrum height at touchdown (vertical position of the sacrum marker at touchdown). In addition, 

gait speed (anterior-posterior speed of the midpoint of the shoulder markers at trip onset), stepping 

strategy (elevating or lowering based on the definitions from Eng et al. (1994)), and trip outcome 

were recorded. Each trip outcome was classified as either a fall, recovery, harness-assist, or missed 

trip based on the force applied to the fall protection harness and video review. A fall occurred if a 

participant was fully and continuously supported by the harness as observed from video. A 

recovery occurred if an integrated harness force (i.e., an impulse from trip onset to one second 

after touchdown) did not exceed 20% body weight * second. A harness-assist occurred if a trial 

was neither a fall nor recovery. A missed trip occurred if the leading edge of the swing foot did 

not contact the trip obstacle during mid-to-late swing phase, due to improper timing of triggering 

the trip obstacle. 
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Fisher’s exact test was used to investigate differences in trip outcome and stepping strategy 

between groups. A mixed-model analysis of variance (ANOVA) with a priori pairwise contrasts 

was used to investigate differences in kinematic measures between groups, and included additional 

factors of trip number, trip outcome, stepping strategy, gait speed, and pre-training Berg Balance 

Scale score. Transformation of the outcome measures was performed when needed for residuals 

of the ANOVA model to approximate a normal distribution, and results were back-transformed to 

the original scale for reporting. A two-way ANOVA with a priori pairwise contrasts was used to 

investigate differences in clinical tests between groups and time (pre- vs. post-training). All 

statistical analyses were performed using JMP Pro 16 (SAS Institute, Inc., Cary, NC) with a 

significance level of 0.05. 

 

2.3. Results 

All 30 participants successfully completed their assigned training and outcome assessment. The 

60 trip outcomes (two from each of the 30 participants) included 22 falls, 27 recoveries, 7 harness-

assists, and 4 missed trips. Harness-assists and missed trips were excluded from further analysis. 

The mean (SD) gait speed across the included 49 trips was 1.54 (0.21) m/s. Fall rates among NT 

(24% of 17 trips; p = 0.157) and TT participants (63% of 16 trips; p = 0.722) did not differ from 

CG participants (50% from 16 trips) (Figure 2.2). Despite this, NT and TT participants exhibited 

improved reactive balance compared to CG participants (Figure 2.3). Recovery step length was 

8.5% body height (BH) longer among NT participants compared to CG participants (p = 0.002). 

Recovery step speed was 0.21 m/s faster among NT participants compared to CG participants (p 

= 0.022). Trunk angle at touchdown was 5.5 deg smaller among TT participants compared to CG 
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participants (p = 0.027) (see Tables A.1 and A.2 in Appendices for additional details of the results 

from the mixed-model ANOVA). 

 

Between NT and TT participants, fall rate was 39% higher among TT participants compared to 

NT participants (p = 0.037) (Figure 2.2). Trunk angle at touchdown was 5.3 deg smaller among 

TT participants compared to NT participants (p = 0.039) (Figure 2.3). No other pairwise group 

differences in kinematics were found (see Tables A.1 and A.2 in Appendices for additional details 

of the results from the mixed-model ANOVA). Regarding the clinical tests, the 3-m overground 

walk test showed a main effect of group (p = 0.014). Our a priori pairwise contrasts indicated that 

pre-training 3-m overground walk test was completed 0.24 s and 0.22 s faster among NT 

participants compared to CG (p = 0.017) and TT (p = 0.027) participants, respectively. No other 

group or time differences in clinical tests were found (see Table A.3 in Appendices for additional 

details). 

 

 
 

Figure 2.2. Summary of trip outcome (represented as fall rate) and stepping strategy across the 

three groups. Asterisk indicates statistically significant difference. 
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Figure 2.3. Summary of trip recovery kinematics. Each bar (error bar) represents the least squares 

means (95% confidence intervals of the means). Asterisk indicates statistically significant 

difference. 

 

2.4. Discussion 

The purpose of this study was to investigate the effects of a task-specific, non-treadmill-based trip 

training regimen on reactive balance among community-dwelling older adults. We first 

hypothesized that NT and TT participants will exhibit improved fall rates and reactive balance 

after laboratory-induced trips compared to CG participants. This hypothesis was supported based 

on the results showing that NT participants exhibited 8.5%BH longer and 0.21 m/s faster recovery 

step compared to CG participants, and TT participants exhibited 5.5 deg smaller trunk angle at 

touchdown compared to CG participants. These results suggest different beneficial effects of NT 

and TT in that NT might be more beneficial in improving recovery step kinematics, while TT 

might be more beneficial in improving trunk kinematics. We also hypothesized that TT 

participants will exhibit a lower fall rate and better reactive balance after laboratory-induced trips 
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compared to NT participants. This hypothesis was also supported based on the results showing 

that TT participants exhibited 5.3 deg smaller trunk angle at touchdown compared to NT 

participants. This result further supports the beneficial effect of TT in improving trunk kinematics 

compared to NT. 

 

Despite improved trip recovery kinematics among NT and TT participants, their fall rates did not 

differ from CG participants (Figure 2.2). It may suggest that our improvements might not have 

been significant enough to reduce fall rates after tripping. For example, prior studies reported that 

non-fallers have 7-30%BH longer recovery step (Garman et al., 2016; Grabiner et al., 2012; 

Marone et al., 2011; Pavol et al., 2001) and 12-39 deg smaller trunk angle (Garman et al., 2016; 

Grabiner et al., 2012; Marone et al., 2011; Pavol et al., 2001; P. H. Sessoms et al., 2014) compared 

to fallers after tripping. We saw 8.5%BH longer recovery step among only NT participants and 

5.5 deg smaller trunk angle among only TT participants compared to CG participants. These 

improvements may not have been translated to reduction in fall rates after tripping because we saw 

improvements in only recovery step or trunk kinematics from our participants, and because the 

differences in trip recovery kinematics between fallers and non-fallers from prior studies are 

generally higher than the differences we saw from our NT and TT participants compared to CG 

participants. Unexpectedly, although not statistically significant, TT participants exhibited 13% 

higher fall rate than CG participants (Figure 2.2). Several reasons may explain this finding. First, 

individual differences (e.g., leg strength, vision, reflex) that were not measured in our study might 

have affected our results. Second, it was observed from video review that some of the TT 

participants may not have used their best effort to execute recovery steps to regain balance after 

tripping and were fully sustained by the fall protection harness, while they limited their trunk 
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flexion quite well. This may have occurred because those TT participants were aware that they 

were wearing the harness (TT participants were likely to be more accustomed to the harness than 

other participants since it was provided during all TT sessions), and thus their risk of falling and 

injuring themselves was low. 

 

The improved trip recovery kinematics after 3-week NT and TT generally agreed with the findings 

in the literature. For example, our NT participants showed 0.21 m/s faster recovery step after 

tripping compared to CG participants. This aligns with prior studies that showed improved reaction 

and movement times after 8-12 weeks of volitional step training compared to a control among 

older adults (Schoene et al., 2013; Shigematsu et al., 2008). Moreover, our TT participants showed 

5.5 smaller trunk angle after tripping compared to CG participants. While Allin et al. (2020) 

reported no improvement in trunk angle after treadmill PBT over two weeks compared to a control, 

other studies showed 6-34 deg smaller trunk angle (Aviles et al., 2019; Bieryla et al., 2007; 

Grabiner et al., 2012; Oludare et al., 2018) after treadmill PBT over the time interval ranging from 

one day to four weeks compared to a control among older adults. A systematic review and meta-

analysis by Okubo et al. (2017) reported that both volitional (similar to NT investigated here) and 

reactive (similar to TT investigated here) step training can reduce falls among older adults by 

approximately 50%. However, more studies are still needed to determine dose-response 

relationships for trip training and to provide better guidelines for required trip recovery kinematics 

that will translate to reduction in fall rates after tripping. 

 

The different beneficial effects of NT and TT in improving trip recovery kinematics may be 

attributed to the difference in postural perturbations applied during each training. For example, NT 
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involved a series of stepping exercises during which participants practiced executing a long, quick 

recovery step over a trip obstacle. This may have led to the improvements in both recovery step 

length and speed after laboratory-induced trips. NT participants also practiced arresting trunk 

flexion and controlling trunk posture to be vertical at touchdown of the first recovery step. 

However, it did not lead to the improvement in trunk angle, possibly due to self-induced 

perturbations that may have not been challenging enough to improve trunk control. On the other 

hand, TT involved exposure to larger, more sudden trip-like perturbations than NT from which 

participants were asked to regain balance. This may have led to the improvements in trunk angle 

after laboratory-induced trips like shown in other prior studies (Aviles et al., 2019; Bieryla et al., 

2007; Grabiner et al., 2012; Oludare et al., 2018). Due to the limited space on the treadmill, TT 

participants were not encouraged to take steps as far as they could upon treadmill-induced 

perturbations, which may have contributed to no improvement in recovery step kinematics. 

 

This study had several limitations that are worth mentioning. First, a group of healthy community-

dwelling older adults was recruited. It is unclear how our results would generalize to other 

populations with different health conditions. Second, although an equal amount of training time 

was conducted for both NT and TT participants, there may have been differences in the number of 

training repetitions between groups since training was tailored to individual abilities and 

performances. Third, use of the fall protection harness may have caused sense of security among 

some participants who may not have used their best efforts to regain balance after laboratory-

induced trips. Fourth, the instructions provided during outcome assessment included a warning of 

potential trips or slips while walking. It is not a threat to internal validity since all participants were 

provided with the same instructions. However, it may be a threat to external validity because such 
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warning of potential trips or slips is not likely to be provided in the real world, and thus the 

responses to laboratory-induced trips may not generalize to the responses to real-world trips. Fifth, 

the investigators who completed the analyses were not blinded to the group allocation, which may 

have introduced some bias in our results. 

 

In conclusion, our study provided evidence that there are beneficial effects of NT on improving 

recovery step kinematics and beneficial effects of TT on improving trunk kinematics after 

laboratory-induced trips among community-dwelling older adults. The difference in postural 

perturbations applied during training may have led to different beneficial effects between NT and 

TT. Further studies are needed to investigate dose-response relationships, retention of training 

effects over longer periods of time, and effectiveness of trip training on real-world reactive balance 

and falls. 
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Chapter 3. Evaluation of Inertial Measurement Units for Measuring Trunk Kinematics 

during Overground Trips among Community-Dwelling Older Adults 

3.1. Introduction 

Falls are the leading cause of non-fatal injuries across all ages in the United States (Centers for 

Disease Control and Prevention, 2021). Trips account for 23-32% of falls among workers 

(Amandus et al., 2012; Lipscomb et al., 2006) and 29-53% of falls among adults aged 65 years or 

older (Berg et al., 1997; Blake et al., 1988; Stevens et al., 2014). Researchers investigating balance 

recovery responses to laboratory-induced trips have traditionally used marker-based optical 

motion capture (OMC) systems (Allin et al., 2020; Crenshaw et al., 2013; Okubo et al., 2019; 

Pavol et al., 2001; Pijnappels et al., 2005). These systems are considered the gold standard for 

capturing body kinematics in biomechanics research. However, they require significant financial 

and space resources that can be barriers to their procurement and use. Wearable inertial 

measurement units (IMUs) are another type of motion capture system that can provide quantitative 

kinematic data with reduced cost and space needs. IMUs contain an accelerometer, gyroscope, and 

magnetometer, the output of which can be fused (e.g., with a Kalman filter) to provide three-

dimensional orientation. Some IMUs also have a self-contained power source along with on-board 

data logging that eliminates the need for any other system component to be worn on the body. 

These features make them a viable and attractive option for motion capture inside or outside the 

laboratory. 

 

To validate and facilitate IMU use for biomechanics research, prior studies have compared trunk 

kinematics measured with IMUs to those measured with OMC during range of motion tests 

assessing movement dysfunctions (Bauer et al., 2015), dynamic sports movements (Brouwer et al., 
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2021; Chia et al., 2021), and simulated slips/trips on a treadmill (Miller & Kaufman, 2019). The 

validation of IMUs to capture trunk kinematics during overground trips would build upon Miller 

and Kaufman (2019) and expand the suite of research tools available to trip-and-fall researchers. 

Moreover, four methodological alternatives could be explored. First, Miller and Kaufman (2019) 

placed OMC markers directly on a sternum IMU instead of more commonly used anatomical 

landmarks used in prior OMC studies to measure trunk kinematics during tripping (Allin et al., 

2020; Crenshaw et al., 2013; Okubo et al., 2019; Pavol et al., 2001; Pijnappels et al., 2005). This 

precluded a direct comparison between sternum IMU-based trunk kinematic measures and often 

used OMC-based trunk kinematic measures. Second, Miller and Kaufman (2019) taped the 

sternum IMU directly to the participants’ sternum while researchers or participants of future 

studies may prefer a chest strap harness provided by the manufacturer for easier donning and 

doffing. As an alternative to this chest strap harness, an IMU attached to the shoulder strap of an 

undergarment (e.g., bra or tank top shirt) may also be preferred by some other users. Third, 

capturing “sternum drop” (i.e., decrease in height for sternum over a pre-defined time interval) 

during trip recovery from a sternum or shoulder IMU that is already placed to capture trunk flexion 

angle may provide another kinematic indicator of trip recovery performance. Fourth, the ability of 

IMUs to capture kinematic data outside the laboratory, and their relative ease of donning and 

doffing, enable their extended use to capture real-world data (Handelzalts et al., 2020). However, 

it is necessary to investigate potential differences in IMU-based trunk kinematics when the IMU 

was placed on participants by experienced researchers versus by participants themselves. 

 

The goal of this study was to investigate the concurrent validity of IMU-based trunk kinematics 

against OMC-based trunk kinematics after laboratory-induced overground trips while 
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implementing the four methodological alternatives noted above. Based on the definition from 

Portney and Watkins (2000), concurrent validity was established if trunk kinematics from both 

IMU and OMC systems differed between falls and recoveries, and IMU-based trunk kinematics 

exhibited at least good correlation (Pearson’s correlation coefficient, r > 0.5) with OMU-based 

trunk kinematics. We first hypothesized that change in trunk angle and sternum drop measured by 

both IMUs and OMC will differ between falls and recoveries, and exhibit at least good correlation 

between the two systems. We also hypothesized that change in trunk angle and sternum drop 

measured by a participant-placed sternum IMU will exhibit a larger variance in their errors against 

OMC (i.e., difference between IMU and OMC) than a researcher-placed sternum IMU. If 

successful, these results would support the use of IMU to capture trunk kinematics after 

overground trips both inside and outside the laboratory environment. 

 

3.2. Methods 

Thirty community-dwelling older adults (Figure 3.1) completed the study (12 M and 18 F; mean 

[SD] age: 71.8 [4.4] years; height: 1.68 [0.10] m; mass: 77.1 [16.8] kg; and unipedal stance 

time:17.6 [12.3] sec; five participants with one or more falls over prior six months). Participants 

were recruited from the university and local community via email listservs, flyers, word-of-mouth, 

and visits to local community organizations. Inclusion criteria required participants to be aged 65-

80 years, have no lower limb amputation, weigh ≤ 250 lbs, not use a walker, not be dependent on 

using a cane all the time, and not regularly do any kind of exercise to improve balance (due to a 

related study on these same participants involving balance training). Participants were also 

required to pass a health screening questionnaire reviewed by a health care specialist informed of 

the physical requirements of the study. Exclusion criteria explicitly used in this questionnaire 
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included: a history of hip or vertebral fracture; current back, leg, or foot pain that interfered with 

standing or walking; hospitalization within the last six months; score ≤ 18 on the Montreal 

Cognitive Assessment – Blind (Wittich et al., 2010); and osteoporosis of the lumbar spine or 

proximal femur as indicated by bone mineral density of t-score < -2.5 obtained from Dual Energy 

X-ray Absorptiometry (Lunar iDXA, GE Healthcare, Chicago, IL). The study was approved by 

the Virginia Tech Institutional Review Board, and all participants provided written consent prior 

to participation. 

 

 
 

Figure 3.1. Protocol flow diagram showing participant enrollment and exclusion. MoCA = 

Montreal Cognitive Assessment. DEXA = Dual-Energy X-ray Absorptiometry. 

 

Participants were asked to complete a single experimental session during which they were exposed 

to two laboratory-induced trips while walking on a walkway using methods reported earlier (Allin 

et al., 2020; Garman et al., 2016). Participants first completed a minimum of 10 walking trials on 

a 12-meter-long level walkway at a purposeful speed (i.e., as if they had somewhere to go) while 

looking straight ahead. To interject some unexpectedness with respect to the timing of the trips, 
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participants were informed that they may or may not be exposed to one or more unexpected trips 

or slips while walking, and if they experience one of these, simply react naturally and continue 

walking. After the walking trials, a pneumatically-actuated trip obstacle integrated in the walkway 

was suddenly raised to a height of 8.6 cm without warning at the start of the stance phase of the 

non-dominant foot to attempt to trip the dominant foot during its ensuing swing phase. Afterward, 

attempts were made to slip participants (reported elsewhere) and trip participants once more 

(within two additional attempts), each after a minimum of three walking trials. Participants wore 

standardized footwear (New Balance Athletics, Inc.) and a safety harness attached to an overhead 

track along the walkway to prevent falling in the event of an unsuccessful balance recovery. The 

length of the harness lanyard was adjusted so that the participant’s knees were approximately 10 

cm from the walkway surface when asked to allow the harness to fully support their body mass 

and to touch their knee to the floor. To characterize participants with respect to overall fall risk, 

the Berg Balance Test (Berg et al., 1992) was completed before the trip trials. 

 

Body kinematics during the trip trials were simultaneously captured using OMC and IMUs. A 13-

camera OMC system (Qualisys North America, Inc., Buffalo Grove, IL) was used to sample at 

128 Hz the position of 12 reflective markers (placed at acromion processes or shoulders, xiphoid 

process, spine at the same height as xiphoid process or back, greater trochanters or hips, tip of the 

second toes, lateral malleoli or ankles, and calcanei or heels), which were subsequently low-pass 

filtered at 10 Hz (fourth-order, zero-phase-lag, Butterworth filter). IMUs (Opal, APDM, Inc., 

Portland, OR) were placed on the sternum using a chest strap harness provided by the manufacturer, 

on the right shoulder strap of an undergarment (i.e., a tank top for males and a bra for females) 

using adhesive wrap, and on the dorsum of both feet, which were sampled at 128 Hz with no filter 
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applied. The sternum IMU was donned with the chest strap harness by either the researcher or the 

participant, alternating between the two according to the order in which they were tested. As a part 

of another study on the same participants involving exploration of real-world tripping kinematics, 

participants were trained on how to wear sternum IMU using the chest strap harness and practiced 

wearing it for three weeks prior to the laboratory experimental session. Thus, no additional 

demonstration or training was provided for those who were asked to place the sternum IMU by 

themselves. Force applied to the safety harness was sampled at 1280 Hz using a uniaxial load cell 

(Cooper Instruments, Warrenton, VA) and subsequently low-pass filtered at 40 Hz (fourth-order, 

zero-phase-lag, Butterworth filter). 

 

Data processing was performed using custom code in MATLAB R2021a (The MathWorks, Inc., 

Natick, MA). Our two primary outcome measures were determined during trip recovery and 

included change in trunk angle and sternum drop, both of which were computed using OMC and 

IMUs. Trunk angle was important to measure given the need to limit trunk flexion for successful 

trip recovery (Crenshaw et al., 2012; Grabiner et al., 2008; Pavol et al., 2001). Sternum drop was 

investigated because it is a function of both trunk flexion and hip drop, which must be limited for 

successful trip recovery (Pavol et al., 2001; Pijnappels et al., 2005). Change in trunk angle was 

calculated as the maximum increase in trunk flexion angle, determined using the Euler angle about 

a medial-lateral axis of a trunk-fixed frame, from trip onset (the time instant at which the tripped 

foot contacted the trip obstacle) to one second after touchdown (the time instant at which the first 

recover step over the trip obstacle contacted the walkway). Additional details of trip onset and 

touchdown are explained in Appendices Table B.1. Sternum drop was calculated as the maximum 

decrease in height of the sternum over the same time interval. The OMC markers attached at 
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xiphoid process, back, and greater trochanters were used to create the trunk segment’s anatomical 

planes and determine change in trunk angle. The OMC markers at acromion processes and xiphoid 

process were used to create a virtual sternum marker and determine sternum drop. IMU data from 

the internal accelerometer, gyroscope, and magnetometer were used with the manufacturer’s 

proprietary Kalman filter to determine the three-dimensional orientation with respect to a fixed 

global frame. Calibration movements were then used with a principal component analysis to align 

the IMU local frame with the trunk segment’s anatomical planes (Cain et al., 2016) for determining 

change in trunk angle. The vertical acceleration in a coordinate frame and direction that stayed 

aligned with gravity throughout trip recovery was integrated twice from trip onset to one second 

after touchdown for determining sternum drop. To minimize drift, the average vertical acceleration 

of IMUs when the participant was standing prior to the start of each trip trial was subtracted before 

the double integration. 

 

Our secondary outcome measures included gait speed (anterior-posterior speed of the midpoint of 

the shoulder markers at trip onset), stepping strategy (elevating or lowering based on the 

definitions from Eng et al. (1994)), and trip outcome. Each trip outcome was classified as either a 

fall, recovery, harness-assist, or missed trip based on the force applied to the safety harness and 

video review. A fall occurred if a participant was fully and continuously supported by the harness 

as observed from video. A recovery occurred if an integrated harness force (i.e., an impulse from 

trip onset to one second after touchdown) did not exceed 20% body weight * second. A harness-

assist occurred if a trial was neither a fall nor recovery. A missed trip occurred if the leading edge 

of the swing foot did not contact the trip obstacle during mid-to-late swing phase due to improper 

timing of triggering the trip obstacle. 
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To address our first hypothesis, a mixed-model analysis of variance (ANOVA) was used to 

investigate differences in our primary outcome measures of trunk kinematics between falls and 

recoveries for both IMUs and OMC. This analysis included additional factors of trip number, 

stepping strategy, gait speed, and Berg Balance Test score. We also used Pearson’s correlation 

coefficient (r) to determine the correlation between IMU-based and OMC-based measures. This 

correlation was characterized as poor (0 < r ≤ 0.25), fair (0.25 < r ≤ 0.50), good (0.50 < r ≤ 0.75), 

or strong (r > 0.75). To address our second hypothesis, errors in our IMU-based trunk kinematic 

measures against OMC-based trunk kinematic measures were first determined. Then, Levene’s 

test was used to investigate the difference in variance of the errors between participant-placed and 

researcher-placed sternum IMUs. All statistical analyses were performed using JMP Pro 16 (SAS 

Institute, Inc., Cary, NC) with a significance level of 0.05. 

 

3.3. Results 

The 60 trip outcomes (two from each of the 30 participants) included 22 falls, 27 recoveries, 7 

harness-assists, and 4 missed trips. Harness-assists, missed trips, and one fall with corrupted IMU 

data were excluded from further analysis. The mean (SD) gait speed across the included 48 trips 

was 1.53 (0.21) m/s. Regarding the first hypothesis, change in trunk angle and sternum drop 

measured by IMUs and OMC differed between falls and recoveries (Table 3.1) with the exception 

of change in trunk angle measured by the shoulder IMU (p = 0.573). Change in trunk angle 

exhibited good correlation with OMC when using the sternum IMU (r = 0.68) and shoulder IMU 

(r = 0.66). Sternum drop exhibited strong correlation with OMC when using the sternum IMU (r 

= 0.92) and shoulder IMU (r = 0.92) (Figure 3.2). Change in trunk angle differed between the two 
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stepping strategies when using the sternum IMU (p = 0.001), shoulder IMU (p = 0.022), and OMC 

(p < 0.001). No differences were found in other secondary factors (see Table B.2 in Appendices 

for summary of the p-values). 

 

Table 3.1. Summary of the trunk kinematic measures between falls and recoveries. Values are the 

least squares means (95% confidence intervals of the means). Bold indicates statistically 

significant.  

 

  Fall (n = 21) Recovery (n = 27) p-value 

Change in trunk 

angle (deg) 

Sternum IMU 66.6 (57.2, 76.0) 54.4 (47.1, 61.7) 0.026 

Shoulder IMU 42.9 (35.3, 50.6) 45.4 (39.4, 51.3) 0.573 

OMC 38.9 (34.8, 43.0) 31.8 (28.7, 35.0) 0.005 

Sternum drop (cm) 

Sternum IMU 28.8 (23.7, 34.0) 15.0 (10.9, 19.0) < 0.001 

Shoulder IMU 25.3 (20.5, 30.1) 13.1 (9.37, 16.8) < 0.001 

OMC 37.6 (33.1, 42.0) 20.5 (17.0, 23.9) < 0.001 
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Figure 3.2. Scatterplots between IMUs and OMC. r = Pearson’s correlation coefficient. All 

correlations are statistically significant. Each data point represents one trip. 

 

Regarding the second hypothesis, the variance of the errors for change in trunk angle did not differ 

(p = 0.105) between researcher-placed (131.9 deg2) and participant-placed (271.1 deg2) sternum 

IMUs. Similarly, the variance of the errors for sternum drop did not differ (p = 0.795) between 

researcher-placed (23.2 cm2) and participant-placed (21.2 cm2) sternum IMUs (Figure 3.3).  
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Figure 3.3. No variance difference in the errors between researcher-placed and participant-placed 

sternum IMUs. Each data point (gray circle) represents one trip. 

 

3.4. Discussion 

The goal of this study was to investigate the concurrent validity of IMU-based trunk kinematics 

against OMC-based trunk kinematics after laboratory-induced overground trips while 

implementing the four methodological alternatives noted above. We first hypothesized that change 

in trunk angle and sternum drop measured by both IMUs and OMC will differ between falls and 

recoveries, and exhibit at least good correlation (r > 0.5) between the two systems. This hypothesis 

was supported because the change in trunk angle and sternum drop measured by sternum IMU, 

shoulder IMU, and OMC differed between falls and recoveries (Table 3.1), and because IMU-

based measures of change in trunk angle and sternum drop exhibited good or strong correlation 

with OMC-based measures (Figure 3.2). These results support the use of IMU-based trunk 

kinematic measures for characterizing trip recovery performance and indicate that IMU-based 

measures are valid predictors of the gold-standard OMC-based measures. Our results also showed 
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differences in change in trunk angle between the stepping strategies for both IMUs and OMC. 

However, it is unlikely that the stepping strategy has affected the change in trunk angle as no 

difference was found between the trip outcome and stepping strategy (Fisher’s exact test; p = 

0.185). 

 

We quantified trunk flexion angular excursion during trip recovery as the maximum increase in 

trunk flexion angle from trip onset to one second after touchdown of the first recovery step. We 

elected to use this somewhat unique approach because it is based on a relative change that would 

be less sensitive to bias resulting from prior relative movement of IMUs with respect to the trunk. 

Despite this, our mean change in trunk angle of 39 deg and 32 deg for falls and recoveries measured 

by OMC were comparable to prior similar studies. For example, Grabiner et al. (2012) reported 

the mean trunk angle of 37 deg and 22 deg at touchdown of the first recovery step for falls and 

recoveries among middle age and older women, and Pavol et al. (2001) reported the mean trunk 

angle (determined using the head-arms-torso center of mass) of 40 deg and 26 deg at touchdown 

of the first recovery step for falls and recoveries among community-dwelling older adults aged 65 

years or older. Furthermore, Pavol et al. (2001) reported another measure of trunk flexion (i.e., 

trunk inclination from vertical) from trip onset to onward. This measure can be used to calculate 

the mean change in trunk angle (i.e., maximum increase in trunk flexion angle from trip onset to 

onward) that is comparable to our mean change in trunk angle, which turns out to be 48 deg and 

39 deg for falls and recoveries. 

 

The mean change in trunk angle measured by sternum and shoulder IMUs (52 deg) was higher 

than the mean change in trunk angle measured by OMC (35 deg). Tulipani et al. (2018) reported 
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similar results including a 9 deg greater lumbar flexion angle from an IMU worn at L1 vertebra 

using an elastic band, when compared to OMC with markers placed on the trunk and lumbar spine, 

while participants performed functional tasks that involved bending and squatting. There are 

multiple reasons for these differences. First, the sternum and shoulder IMUs provide a local 

measure of trunk angle at the spinal level of each IMU, while the xiphoid process, back (or spine), 

and greater trochanter markers that are commonly used to measure trunk angle with OMC during 

tripping studies (Allin et al., 2020; Crenshaw et al., 2013; Okubo et al., 2019; Pavol et al., 2001; 

Pijnappels et al., 2005) provide more of a global measure of trunk angle. This is important because 

the trunk is not a rigid segment. For example, the trunk flexion that occurs upon tripping can 

involve a modest spinal angle (relative to vertical) in the lumbar spine and a much larger spinal 

angle in the thoracic spine where our sternum or shoulder IMU was worn. Second, because our 

participants were exposed to highly dynamic events (i.e., trips) while wearing the sternum IMU 

using the manufacturer-provided chest strap harness and shoulder IMU wrapped around the right 

shoulder strap of an undergarment, we cannot rule out relative movement between the IMUs and 

the trunk segment. This might have contributed to a higher change in trunk angle from IMUs than 

OMC with markers placed directly on the skin/body. 

 

We also hypothesized that change in trunk angle and sternum drop measured by a participant-

placed sternum IMU will exhibit a larger variance in their errors against OMC than a researcher-

placed sternum IMU. This hypothesis was not supported because our results showed no variance 

differences in the errors for change in trunk angle and sternum drop between participant-placed 

and researcher-placed sternum IMUs (Figure 3.3). Similarly, Ruder et al. (2022) demonstrated the 

validity of gait metrics in the participant-placed IMU against the researcher-placed IMU after an 
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alignment correction. These results suggest that community-dwelling older adults are able to don 

their own sternum IMU for capturing tripping kinematics outside a laboratory setting without 

experienced researchers. Moreover, it supports the use of a functional calibration (Cain et al., 2016) 

to establish a trunk-fixed coordinate aligned with the anatomical planes. 

 

We are not aware of any other studies that have used sternum drop to characterize trip recovery 

kinematics. It has a theoretical basis in that it is geometrically dependent upon trunk angle and hip 

height, and successful trip recovery requires limiting trunk flexion and hip drop (Pavol et al., 2001; 

Pijnappels et al., 2005). The inability to adequately complete these requisites would increase 

sternum drop during trip recovery. Moreover, it is relatively insensitive to vertical position drift 

after double integration of vertical acceleration following gravity subtraction because it only 

requires such an integration over a relatively short time from trip onset to (at most) one second 

after touchdown of the first recovery step. We estimated this vertical drift to be less than 1 mm. 

Our results showed a higher correlation coefficient (r) between IMUs and OMC for sternum drop 

(r = 0.92) than change in trunk angle (r = 67). It may be because IMU-based sternum drop is less 

susceptible to relative movement of IMUs with respect to the trunk than IMU-based change in 

trunk angle during tripping, and thus resulted in better associations with the gold-standard OMC-

based measures. 

 

The mean sternum drop measured by sternum and shoulder IMUs (21 cm) was lower than the 

mean sternum drop measured by OMC (29 cm). Similar to change in trunk angle, IMUs provide a 

local measure of sternum drop, while OMC provide more of a global measure of sternum drop that 

was determined based on several markers attached to acromion processes and xiphoid process 
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(since no marker was placed directly on the sternum). Thus, OMC-based sternum drop may have 

been affected by shoulder/arm movements during tripping. In addition, relative movement between 

the IMUs and the trunk segment might also have contributed to the difference in sternum drop 

between IMUs and OMC. Nevertheless, sternum drop differed between falls and recoveries for 

IMUs and OMC while showing strong correlation between the two systems, suggesting that it can 

be a useful measure of trip recovery kinematics. 

 

This study has several limitations. First, although we used the common marker locations as other 

trip-related studies to determine trunk kinematics (Allin et al., 2020; Crenshaw et al., 2013; Okubo 

et al., 2019; Pavol et al., 2001; Pijnappels et al., 2005), not all trip-related studies used the exactly 

same markers, and alternative locations may affect our results. Second, we put an IMU on the right 

shoulder strap of an undergarment for all participants despite tripping the dominant foot of all 

participants (right for 45 trips and left for 3 trips). It is plausible that trunk frontal plane or 

transverse plane movements measured at the right shoulder after tripping could differ between 

trips to the contralateral or ipsilateral foot. 

 

In conclusion, IMU-based trunk kinematics differ between falls and recoveries after laboratory-

induced overground trips and correlate with the gold-standard OMC-based trunk kinematics. 

Therefore, they appear valid for use in capturing important trunk movement aspects of trip 

recovery. Also, we did not find variance differences in the errors for trunk kinematics measured 

by a participant-placed sternum IMU versus a researcher-placed sternum IMU. These findings 

expand the suite of research tools that can be used for future trip-related studies. 
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Chapter 4. Comparison of Tripping Kinematics between the Laboratory and Real World – 

A Pilot Study 

4.1. Introduction 

Falls are the leading cause of fatal and non-fatal injuries among older adults (Bergen et al., 2016) 

with annual medical costs of $50 billion (Florence et al., 2018). Age-related impairments in 

balance and strength (Lord et al., 1994) as well as the growth of the older population (Ortman et 

al., 2014) contribute to the prevalence of these falls and injuries. Falls can occur due to various 

reasons, among which trips account for 29-53% falls in community-dwelling older adults (Berg et 

al., 1997; Blake et al., 1988; Stevens et al., 2014). 

 

Numerous laboratory studies have induced trips among older adults to identify factors affecting 

trip recovery (Garman et al., 2015; Pater et al., 2016; Rosenblatt & Madigan, 2021), explore the 

biomechanical mechanisms underlying trip-induced falls (Pavol et al., 2001; Pijnappels et al., 2005; 

Van Dieen et al., 2005), and evaluate the efficacy of interventions aiming to reduce the prevalence 

of trip-induced falls (Aviles et al., 2019; Bieryla et al., 2007; Grabiner et al., 2012; Song et al., 

2021; Wang et al., 2020). While these studies have led to a wealth of knowledge, how well these 

laboratory findings generalize to real-world trips outside the laboratory setting and during normal 

daily life remains unclear. Along with our Study 2 (Chapter 3), two prior studies have 

demonstrated the feasibility of using inertial measurement units (IMUs) and a voice recorder to 

capture real-world tripping kinematics and their context among community-dwelling older adults 

(Handelzalts et al., 2020; Ojeda et al., 2019). A similar approach could be used to investigate the 

association between the laboratory and real-world trips. 
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The goal of this pilot study was to explore differences in tripping kinematics between the 

laboratory and real world. We hypothesized that tripping kinematics will exhibit a higher variance 

in the real world than in the laboratory. This was based upon the expectation that real-world 

tripping scenarios would be more varied and diverse than those in a controlled laboratory study. 

For example, environmental factors (e.g., ground/floor/trip obstacle material properties and 

geometry) and behavioral factors (e.g., gait speed, dual-task participation, attention, and awareness) 

are expected to vary more in the real world than in a laboratory study and thus result in greater 

variance in tripping kinematics. The results of this pilot study may facilitate future studies that 1) 

determine how laboratory studies of tripping risk factors and biomechanical mechanisms 

generalize to the real world, 2) attempt to mimic real-world tripping scenarios in the laboratory, 

and 3) investigate how balance training interventions transfer to the real world. 

 

4.2. Methods 

Twenty community-dwelling older adults (8 M and 12 F) from a larger study investigating the 

effects of perturbation-based balance training (PBT) on laboratory tripping kinematics (see 

Chapter 2) were included for this study. These 20 participants were chosen because they were 

allocated to either an established PBT intervention (Allin et al., 2020; Grabiner et al., 2012) or a 

control group receiving no intervention. Participants had a mean (SD) age of 71.8 (4.6) years, body 

height of 1.70 (0.11) m, body mass of 80.8 (15.9) kg, and unipedal stance time of 16.9 (12.9) sec, 

and four participants reported one or more falls over prior six months. Inclusion criteria required 

participants to be aged 65-80 years, have no lower limb amputation, weigh ≤ 250 lbs, not use a 

walker, not be dependent on using a cane all the time, and not regularly do any kind of exercise to 

improve balance. Participants were also required to pass a health screening questionnaire reviewed 
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by a health care specialist informed of the physical requirements of the study. Exclusion criteria 

explicitly used in this questionnaire included: a history of hip or vertebral fracture; current back, 

leg, or foot pain that interfered with standing or walking; hospitalization within the last six months; 

score ≤ 18 on the Montreal Cognitive Assessment – Blind (Wittich et al., 2010); and osteoporosis 

of the lumbar spine or proximal femur as indicated by bone mineral density of t-score < -2.5 

obtained from Dual Energy X-ray Absorptiometry (Lunar iDXA, GE Healthcare, Chicago, IL). 

Participants were recruited from the university and local community via email listservs, flyers, 

word-of-mouth, and visits to local community organizations. Recruitment started in October 2022, 

and all training and testing were completed in August 2023. The study was approved by the 

Virginia Tech Institutional Review Board, and all participants provided written consent prior to 

participation. 

 

A repeated-measures experimental design was used. Although not the primary focus here, 

participants first completed either three weeks of twice weekly PBT or no intervention (i.e., control 

group). Afterward, and of the primary focus here, participants wore three IMUs and a wrist-worn 

voice recorder daily for three weeks to capture real-world loss of balance (LOB) kinematics and 

context. Participants then completed a single testing session during which they were exposed to 

two laboratory-induced trips while wearing the same three IMUs.  

 

Participants reported to the laboratory to receive the devices, a demonstration of their usage, and 

a study instruction manual developed by the investigators. Participants were asked to don the IMUs 

(Opal, APDM, Inc., Portland, OR) and voice recorder (BestRec, 16GB Digital Voice Recorder) 

each day when they were ready to start their daily activities in the morning, wear the devices 
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throughout the day (other than while bathing or participating in activities during which they could 

get wet), and remove the devices when they finished their daily activities in the evening. This 

schedule was chosen because IMU battery life was approximately 12 hours and required overnight 

charging. The times the devices were worn by participants ranged from 6 am to 10 pm based on 

participant preference. One IMU was worn on sternum using the manufacturer’s chest strap 

harness, and the other two were worn on the dorsum of the feet using the laboratory-provided shoe 

pouches that were secured to the shoelaces. Body kinematics were sampled at 128 Hz and 

continuously logged onboard the IMUs from the moment they were unplugged from the charger 

in the morning to the moment they were plugged back into the charger in the evening (or until the 

battery was fully drained). The voice recorder was worn on the wrist and used to document the 

context of any real-world LOB immediately it was experienced or as soon after as possible. Details 

of the information requested in the voice recordings are reported elsewhere (Lee et al., 2024). 

Voice recordings also provided a time stamp of the LOB that aided in finding LOBs within IMU 

data. After participants’ first visit, investigators contacted participants via phone call or text at least 

once during each of the three weeks to address any questions or issues. Participants also visited 

our laboratory toward the end of the first and second weeks for investigators to download all data 

from the devices and to address any questions or issues. 

 

After the three-weeks of real-world LOB capture, participants completed a single testing session 

during which they were exposed to two laboratory-induced trips while walking overground using 

methods described elsewhere (Allin et al., 2020; Garman et al., 2016). Briefly, participants wore 

the same three IMUs that they wore during the real-world LOB capture and were asked to complete 

multiple walking trials on a 12-meter level walkway at a purposeful speed (i.e., as if they were 
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going somewhere) while looking straight ahead. To interject some unexpectedness with respect to 

the timing of the trips, they were informed that some participants may be exposed to one or more 

unexpected trips or slips while walking, and to simply react naturally and continue walking if they 

experience one of them. After completing a minimum of 10 walking trials, a trip obstacle 

integrated into the walkway was abruptly raised to a height of 8.6 cm without warning at the start 

of the stance phase of the non-dominant foot to induce a trip to the dominant foot during its ensuing 

swing phase. Afterward, attempts were made to slip participants (reported elsewhere) and trip 

participants once more (within two additional attempts), each after a minimum of three walking 

trials. Participants wore standardized footwear (New Balance Athletics, Inc.) and a full body fall 

protection harness for their safety in the event of an unsuccessful balance recovery. Force applied 

to the fall protection harness was sampled at 1280 Hz using a uniaxial load cell (Cooper 

Instruments, Warrenton, VA) and low-pass filtered at 40 Hz (fourth-order, zero-phase-lag, 

Butterworth filter). Each trip outcome was classified as either a fall, recovery, harness-assist, or 

missed trip based on the force applied to the fall protection harness and video review. A fall 

occurred if a participant was fully and continuously supported by the harness as observed from 

video. A recovery occurred if an integrated harness force (i.e., an impulse from trip onset to one 

second after touchdown) did not exceed 20% body weight * second. A harness-assist occurred if 

a trial was neither a fall nor recovery. A missed trip occurred if the leading edge of the swing foot 

did not contact the trip obstacle during mid-to-late swing phase, due to improper timing of 

triggering the trip obstacle. Subsequent data processing was performed using custom code in 

MATLAB R2021a (The MathWorks Inc., Natick, MA). 
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During the three-weeks of real-world LOB capture, participants used the voice recorder to 

document their responses to six questions regarding the context of each LOB they experienced 

(see Table C.1 in Appendices). A LOB was defined as “a sudden, unexpected, and unintended 

change in body position that requires us to do something to regain our balance or else we will fall.” 

LOBs were identified within the IMU data using the time stamps of the voice recordings. A total 

of 153 LOBs were reported from 18 of the 20 participants (two participants did not report any 

LOB). These LOBs were then screened to limit subsequent analyses to those that were described 

as a trip or trip-like perturbations (e.g., “caught foot on”, “stubbed foot”) and have IMU data 

correspond to such descriptions (Handelzalts et al., 2020), both of which were comparable in their 

overall context to the laboratory-induced trips. This resulted in 24 real-world trips from 14 

participants who were walking forward (not on stairs) without carrying anything, received no 

external support, and showed identifiable tripping kinematics from all three IMUs (Figure 4.1). 

The transcribed voice recordings for these 24 real-world trips are included in Appendices Table 

C.2. 

 

 
 

Figure 4.1. Flow diagram showing screening processes for the reported LOBs. 

 



66 

Our two primary outcome measures were change in trunk angle and sternum drop. Data from the 

sternum IMU’s internal accelerometer, gyroscope, and magnetometer was used with the 

manufacturer’s proprietary Kalman filter to determine its three-dimensional orientation with 

respect to a fixed global frame. Calibration movements were then used with a principal component 

analysis to align the IMU local frame with the anatomical planes (Cain et al., 2016). The Euler 

angle with respect to the medial-lateral axis was computed as trunk angle and expressed relative 

to standing posture. Change in trunk angle was the maximum increase in trunk flexion angle from 

trip onset (the time instant at which the tripped foot contacted the trip obstacle as determined by 

the resultant acceleration of the foot IMU) to one second after touchdown (the time instant at which 

the first recovery step over the trip obstacle contacted the walkway as determined by the resultant 

acceleration of the foot IMU). Change in trunk angle was selected based upon the importance of 

limiting trunk flexion for successful trip recovery (Crenshaw et al., 2012; Grabiner et al., 2008; 

Pavol et al., 2001) and because data analysis indicated the trunk angle at trip onset was not as 

consistently upright during real-world LOBs as in laboratory tripping studies. To determine 

sternum drop, the vertical acceleration of the sternum IMU in a coordinate frame and direction that 

stayed aligned with gravity throughout trip recovery was integrated twice from trip onset to one 

second after touchdown. To minimize drift, the average vertical acceleration of this IMU when the 

participant was stationary prior to the start of each real-world or laboratory-induced trip was 

subtracted before the double integration. Sternum drop was the maximum decrease in height of 

the sternum IMU from trip onset to one second after touchdown. Sternum drop was investigated 

because it may be sensitive to both trunk flexion and hip drop, both of which must be limited for 

successful trip recovery (Pavol et al., 2001; Pijnappels et al., 2005). 
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Levene’s test was used to investigate differences in the variance of tripping kinematics between 

the real-world and laboratory-induced trips. Because all real-world trips resulted in a successful 

balance recovery (i.e., no falls were reported in the voice recordings), only laboratory-induced 

trips that resulted in a recovery were included in the Levene’s test to avoid biasing the comparison 

from other trips that did not result in a recovery. Statistical analyses were performed using JMP 

Pro 16 (SAS Institute, Inc., Cary, NC) with a significance level of 0.05. 

 

4.3. Results 

Among the 14 participants who reported 24 real-world trips, seven PBT participants reported 10 

real-world trips, while seven control participants reported 14 real-world trips (Figure 4.2). A total 

of 28 laboratory-induced trips (two per the 14 participants) resulted in 12 recoveries. Across real-

world and laboratory-induced trips, change in trunk angle exhibited a median (range) of 19.5 (2.07 

– 85.9) deg, while sternum drop exhibited a median (range) of 4.95 (0 – 23.1) cm (Figure 4.3). The 

variance of change in trunk angle was lower (p = 0.049) for the real-world trips (155 deg2) than 

laboratory-induced trips (365 deg2), while the variance of sternum drop was not different (p = 

0.422) between the real-world trips (47.9 cm2) and laboratory-induced trips (64.8 cm2). The mean 

change in trunk angle was 14.5 deg for the real-world trips and 50.5 deg for the laboratory-induced 

trips, while the mean sternum drop was 5.92 cm for the real-world trips and 11.3 cm for the 

laboratory-induced trips. The variance of change in trunk angle across the real-world and 

laboratory-induced trips was not different (p = 0.449) between the PBT (601 deg2) and control 

(463 deg2) groups, while the variance of sternum drop across the real-world and laboratory-

induced trips was also not different (p = 0.511) between the PBT (65.1 cm2) and control (49.1 cm2) 

groups (Figure 4.4). 
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Figure 4.2. Distribution of real-world trips reported by each participant. The alphabetical letters 

represent different participants. PBT participants = e, h, n, q, s, w, and x.  Control participants = a, 

c, d, k, p, r, and z. 

 

 
 

Figure 4.3. Lower variance in change in trunk angle among the real-world trips than laboratory-

induced trips. No variance difference in sternum drop between the real-world and laboratory-

induced trips. Each data point represents one trip. 
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Figure 4.4. Change in trunk angle and sternum drop of the real-world and laboratory-induced trips 

that resulted in a recovery. Each participant is assigned an alphabetical letter and number(s) for 

the real-world trips (see Table C.2 in Appendices for their transcribed voice recordings). Separate 

plots were created for the PBT and control participants for clarity in showing no variance 

differences between the two groups. 
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4.4. Discussion 

The goal of this pilot study was to explore differences in tripping kinematics between the 

laboratory and real world. We hypothesized that tripping kinematics will exhibit a higher variance 

in the real world than in the laboratory. Interestingly, the opposite was the case in that variance in 

change in trunk angle was 210 deg2 lower among the real-world trips than the laboratory-induced 

trips. There are multiple possible reasons for this. First, the height of the trip obstacle used in the 

laboratory was 8.6 cm. Most real-world trip obstacles might not be as high and thus less difficult 

for recovery. Less difficult trips could lead to less variability in tripping kinematics because 

balance recovery is less challenging. For example, many of the real-world trips used in our analysis 

were scuffs (see Table C.2 in Appendices), which occur during swing phase of the gait cycle when 

the forward motion of the swing foot is impeded by some friction between the ground/floor and 

the bottom of shoes. This type of trip-like perturbation is a minor LOB and may have not altered 

tripping kinematics as much as the laboratory-induced trips where participants were tripped by a 

rigid obstacle. Our results showing the mean change in trunk angle of 14.5 deg for the real-world 

trips and 50.5 deg for the laboratory-induced trips support the explanation of the lower severity in 

the real-world trips compared to the laboratory-induced trips. Second, the walking speed in the 

laboratory may have been faster than the walking speed in some of the real-world trips. Participants 

were asked to walk at a purposeful speed (i.e., as if they were going somewhere) for the laboratory-

induced trips as a part of the larger study investigating the effects of PBT on laboratory tripping 

kinematics. Although we have no measure of gait speed in the real world, it is likely that the gait 

speed was slower as participants walked at a more comfortable pace than in the laboratory, and 

because some real-world trips occurred near gait initiation when the speed was likely slower (see 
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Table C.2 in Appendices). This may have resulted in lower trip severity in the real world and thus 

contributed to lower variance in tripping kinematics compared to the laboratory-induced trips. 

 

Our mean change in trunk angle from the laboratory-induced trips was generally comparable to 

those from prior similar studies. Pavol et al. (2001) used a 5.1 cm high trip obstacle and instructed 

participants to walk at a self-selected normal speed. They reported the mean maximum trunk angle 

from vertical (determined from trip onset to onward) of 47.5 deg for recoveries among community-

dwelling older adults aged 65 years or older. Bieryla et al. (2007) used a 7.6 cm high trip obstacle 

and instructed participants to walk at a self-selected normal speed. They reported the mean 

maximum trunk angle (determined over the first two recovery steps) of approximately 41 deg for 

one fall and 10 recoveries among community-dwelling older adults aged 63-83 years old. We used 

an 8.6 cm high trip obstacle and instructed participants to walk at a purposeful walking speed. Our 

results showed the mean change in trunk angle of 50.5 deg for recoveries among community-

dwelling older adults aged 65-80 years old. Although the reported maximum trunk angles from 

these two prior studies were a global measure of trunk angle based on several markers attached to 

the trunk segment, they appear comparable to our change in trunk angle measured from sternum 

IMU that was a local measure of trunk angle during trip recovery. 

 

Many prior studies showed the effects of PBT in improving reactive balance after laboratory-

induced trips (Grabiner et al., 2012; Song et al., 2021; Wang et al., 2020). Based on such findings 

in the literature, we generally expected improved tripping kinematics from the PBT participants 

than the control participants both in the laboratory and real world. However, no clear differences 

in change in trunk angle and sternum drop were visible between the PBT and control participants 
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(Figure 4.4). Our results also showed no variance differences in the change in trunk angle and 

sternum drop between the PBT and control participants across the real-world and laboratory-

induced trips. This may have been attributed to baseline individual differences (e.g., leg strength, 

vision, reaction time) that were not measured as a part of the PBT study. In addition, the included 

real-world trips may have not been challenging enough (or the laboratory-induced trips may have 

been too challenging) to show differences between the PBT and control participants. Further 

studies are necessary to determine the required dosage of PBT that may result in optimal outcomes. 

 

Sternum height is a function of trunk angle and hip height. Successful trip recovery requires 

limiting trunk flexion and hip drop (Pavol et al., 2001; Pijnappels et al., 2005). As such, sternum 

drop during trip recovery would seem to be an indicator of trip recovery performance with an 

increase in trunk flexion and hip drop indicating poorer performance. A prior study (Chapter 3) 

showed that sternum drop is larger during falls than recoveries after a laboratory-induced trip. 

Moreover, sternum drop is amenable to IMU capture because it depends on a relative change from 

trip onset to (at most) one second after touchdown of the first recovery step (as used here) and not 

on absolute values of sternum height above the ground level that can be more susceptible to drift. 

 

Our study has several limitations that should be discussed. First, the real-world LOBs captured 

here may have been influenced by the Hawthorne effect (i.e., change in behavior among 

participants as being evaluated in a research study) and thus not as ecologically valid as individuals 

not in a research study. Second, a group of healthy community-dwelling older adults was recruited. 

It is unclear how our results would generalize to other populations with different health conditions. 

Third, to capture real-world LOB kinematics, participants were asked to wear the IMUs and voice 
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recorder for three weeks during different seasons of the year. The frequency and/or context of real-

world LOBs may have been different if participants were asked to wear the devices for a longer 

period and/or during different environmental conditions. Fourth, the laboratory-induced trips 

involved wearing a full body fall protection harness, while the real-world trips did not. Wearing 

the harness may have caused sense of security among some participants who may not have used 

their best efforts to regain balance after the laboratory-induced trips, and thus contributed to higher 

variance in tripping kinematics compared to the real-world trips. Fifth, we have a limited number 

of outcome measures that focus on trunk kinematics after tripping and did not include other known 

important trip recovery measures, such as (change in) trunk angular velocity and stepping-related 

measures. Change in trunk angle and sternum drop were chosen because they are less sensitive to 

artifacts that may be created by relative movements of IMUs with respect to the trunk than trunk 

angular velocity, and because it is very difficult and challenging to accurately estimate the relative 

distance from one IMU to another IMU for calculating stepping kinematics during tripping. 

 

In conclusion, this is the first study to explore differences in tripping kinematics between the 

laboratory and real world among community-dwelling older adults. Our study showed the 

feasibility of using IMUs and voice recorder to understand the underlying mechanisms and context 

of real-world LOBs. It may enable investigating the effects of PBT outside the laboratory settings 

in future studies. 
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Chapter 5. Conclusion 

5.1. Summary 

Trip-induced falls among older adults remain a major public health problem despite mitigation 

efforts. Three studies were designed to (1) improve the feasibility and accessibility of trip training, 

(2) expand the trip-related research scope outside a laboratory setting, and (3) explore tripping 

kinematics in the real world. 

 

The first study (Chapter 2) investigated the effects of a task-specific, non-treadmill-based trip 

training regimen on reactive balance after laboratory-induced trips among community-dwelling 

older adults. Separate groups of participants completed novel non-treadmill training (NT), 

commonly used treadmill-training (TT), and no training as a control for three weeks. Our results 

showed different beneficial effects of the two trip training regimens. NT may be more beneficial 

in improving recovery step kinematics, because of its specific instructions on taking a long, quick 

recovery step over a trip obstacle, while TT may be more beneficial in improving trunk kinematics, 

because of repeated exposure to larger, more sudden trip-like perturbations than NT during which 

participants were encouraged to regain balance. 

 

The second study (Chapter 3) investigated the concurrent validity of inertial measurement unit 

(IMU)-based trunk kinematics against the gold-standard optical motion capture (OMC)-based 

trunk kinematics during laboratory-induced overground trips among community-dwelling older 

adults. IMUs placed on sternum and shoulder, as well as OMC markers attached at anatomical 

landmarks of the trunk segment, were used to capture trunk kinematics during two laboratory-

induced trips. Our results showed that IMU-based trunk kinematics differed between falls and 
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recoveries after tripping, and exhibited at least good correlation (r > 0.5) with the gold-standard 

OMC-based trunk kinematics. In addition, the variance in the errors for IMU-based trunk 

kinematics did not differ when IMU was placed by researcher versus participant. This suggests 

that community-dwelling older adults are able to don their own sternum IMU for capturing tripping 

kinematics outside a laboratory setting, expanding the suite of research tools that can be used for 

future trip-related studies. 

 

The third study (Chapter 4) explored the differences in tripping kinematics between the laboratory 

and real world among community-dwelling older adults. Participants were asked to wear IMUs 

and a voice recorder during daily life for three weeks to capture their kinematic responses during 

real-world trips. This study demonstrated the feasibility of using IMUs and a voice recorder to 

understand the underlying mechanisms and context of real-world trips. It also provided pilot data 

for planning a future trial to investigate effects of trip training in the real world. 

 

5.2. Future Work 

Several future studies can be planned based on the findings from the three studies reported here. 

The first study (Chapter 2) exhibited improved trip recovery kinematics after NT and TT, but these 

improvements did not translate to reduction in fall rates after laboratory-induced trips. Future 

studies are necessary to determine dose-response relationship and retention of training effects that 

may provide guidelines for research and clinical use of trip training. The second study (Chapter 3) 

placed an IMU on the shoulder strap of an undergarment (i.e., a tank top for males and a bra for 

females) using adhesive wrap, as an alternative to an IMU placed on sternum using the 

manufacturer-provided chest strap harness. While both change in trunk angle and sternum drop 
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measured by sternum IMU differed between falls and recoveries, only sternum drop measured by 

shoulder IMU differed between falls and recoveries after the laboratory-induced overground trips. 

Future studies are necessary to determine the optimal location of an IMU placement for measuring 

trunk kinematics while maximizing the user comfort and sensitivity to detect differences between 

falls and recoveries after tripping. In addition, to provide more evidence on the use of sternum 

drop as a trip recovery kinematic measure, additional studies are needed to investigate how well 

sternum drop distinguishes falls and recoveries after tripping among other populations with 

different characteristics. The third study (Chapter 4) demonstrated the feasibility of using IMUs 

and a voice recorder to understand the underlying mechanisms and context of real-world losses of 

balance (LOBs). Future studies with larger sample size and longer duration may help better 

understand differences in tripping kinematics between the laboratory and real world, as well as 

effectiveness of trip training on reactive balance after real-world LOBs. 
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Appendices 

A. Study 1 (Chapter 2) 

Table A.1. Summary of outcome measures. Values are the percentage/counts or least squares 

means (95% confidence intervals of the means) and p-values for a priori pairwise contrasts. 

Positive trunk angle means flexion. Bold indicates statistically significant. BH = Body Height. SH 

= Sacrum Height. 

 

 NT TT CG 
NT vs. 

CG 

TT vs. 

CG 

NT vs. 

TT 

Fall rate 
24% of 17 

trips 

63% of 16 

trips 

50% of 16 

trips 
0.157 0.722 0.037 

Stepping strategy 

(elevating / 

lowering) 

5 / 12 4 / 12 3 / 13 0.688 0.999 0.999 

Trunk angle at 

touchdown (deg) 

29.8 (26.1, 

33.5) 

24.5 (21.0, 

28.1) 

30.0 (26.4, 

33.6) 
0.921 0.027 0.039 

Recovery step length 

(%BH) 

49.3 (45.6, 

52.7) 

45.4 (41.6, 

48.9) 

40.8 (36.4, 

44.8) 
0.002 0.080 0.112 

Recovery step speed 

(m/s) 

1.80 (1.68, 

1.91) 

1.73 (1.60, 

1.84) 

1.59 (1.43, 

1.73) 
0.022 0.134 0.358 

Distance between 

mid-hips and step at 

touchdown (%BH) 

14.6 (8.61, 

19.5) 

12.4 (6.32, 

17.4) 

8.91 (1.97, 

14.8) 
0.150 0.386 0.543 

Sacrum height at 

touchdown (%SH) 

97.2 (92.7, 

101) 

101 (96.8, 

104) 

100 (96.4, 

104) 
0.241 0.924 0.204 

 

Table A.2. Summary of the p-values for all factors considered in the mixed-model ANOVA. Bold 

indicates statistically significant. BBS = Berg Balance Scale. BH = Body Height. SH = Sacrum 

Height. 

 

 Group 
Trip 

Number 

Trip 

Outcome 

Stepping 

Strategy 

Gait 

Speed 

Pre-Training 

BBS 

Trunk angle at 

touchdown (deg) 
0.048 0.540 0.006 0.035 0.002 0.003 

Recovery step length 

(%BH) 
0.009 0.665 0.107 0.598 < 0.001 0.073 
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Recovery step speed 

(m/s) 
0.063 0.691 0.001 0.001 < 0.001 0.282 

Distance between mid-

hips and step at 

touchdown (%BH) 

0.342 0.132 < 0.001 0.149 0.546 0.373 

Sacrum height at 

touchdown (%SH) 
0.369 0.005 < 0.001 0.493 0.175 0.725 

 

Table A.3. Clinical tests of balance and mobility. Values are the least squares means (standard 

errors) and p-values for a priori pairwise contrasts. Bold indicates statistically significant. 

 

 Time 
NT  

(n = 10) 

TT 

(n = 10) 

CG 

(n = 10) 

NT vs. 

CG 

TT vs. 

CG 

NT vs. 

TT 

Timed-up-and-

go test (s) 

Pre 
9.16 

(0.54) 

10.4 

(0.54) 

10.3 

(0.54) 
0.155 0.833 0.104 

Post 
9.66 

(0.54) 

10.3 

(0.54) 

10.2 

(0.54) 
0.518 0.855 0.408 

Unipedal stance 

time (s) 

Pre 
18.9 

(4.00) 

16.5 

(4.00) 

17.3 

(4.00) 
0.787 0.888 0.682 

Post 
20.2 

(4.00) 

15.1 

(4.00) 

19.6 

(4.00) 
0.917 0.430 0.372 

3-m overground 

walk test (s) 

Pre 
1.86 

(0.07) 

2.08 

(0.07) 

2.10 

(0.07) 
0.017 0.843 0.027 

Post 
1.83 

(0.07) 

1.97 

(0.07) 

1.94 

(0.07) 
0.230 0.778 0.140 

Berg Balance 

Scale (score) 

Pre 
55.1 

(0.59) 

54.7 

(0.59) 

53.8 

(0.59) 
0.123 0.283 0.632 

Post 
55.1 

(0.59) 

55.0 

(0.59) 

54.6 

(0.59) 
0.549 0.632 0.905 
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B. Study 2 (Chapter 3) 

Table B.1. Definitions of the two critical temporal events used for trip recovery kinematics 

calculations. OMC = Optical Motion Capture. IMU = Inertial Measurement Unit. 

 

 Definitions 

Trip onset 

Time instant at which the tripped foot contacted the trip obstacle, as 

indicated by the resultant acceleration of the midpoint of the three OMC foot 

markers or by the resultant acceleration of the foot IMU 

Touchdown 

Time instant at which the first recovery step over the trip obstacle contacted 

the walkway, as indicated by the resultant acceleration of the midpoint of the 

three OMC foot markers or by the resultant acceleration of the foot IMU 

 

Table B.2. Summary of the p-values for each factor considered in the mixed-model ANOVA for 

the first hypothesis. Bold indicates statistically significant. 

 

  
Trip 

outcome 

Trip 

Number 

Stepping 

Strategy 

Gait 

Speed 

Berg Balance 

Test 

Change in 

trunk angle 

Sternum IMU 0.026 0.307 0.001 0.367 0.153 

Shoulder IMU 0.573 0.308 0.022 0.406 0.420 

OMC 0.005 0.676 < 0.001 0.582 0.154 

Sternum 

drop 

Sternum IMU < 0.001 0.364 0.274 0.538 0.244 

Shoulder IMU < 0.001 0.546 0.569 0.447 0.299 

OMC < 0.001 0.302 0.185 0.191 0.238 

 

 



83 

 
 

Figure B.1. A Bland-Altman plot showing systematic differences for change in trunk angle 

between IMUs and OMC. The middle dashed-line is the mean difference. The top and bottom 

dashed-lines are 95% limits of agreement. 

 

 
 

Figure B.2. A Bland-Altman plot showing systematic differences for sternum drop between IMUs 

and OMC. The middle dashed-line is the mean difference. The top and bottom dashed-lines are 

95% limits of agreement. 
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C. Study 3 (Chapter 4) 

Table C.1. The six “4WHO” questions participants were asked to answer during voice recording 

after each LOB. 

 

Question Type of answers sought 

When did the LOB occur? Time of day 

Where were you when the LOB occurred? 
In my kitchen; on the stairs to my basement; 

in the parking lot of the mall 

What were you doing when the LOB occurred? 

Walking down my driveway to my mailbox; 

reaching to the top shelf in my kitchen to 

get a bowl; going down the stairs 

Why do you think you lost your balance? 
Slipped on ice; tripped over a door 

threshold; feet got tangled in dog leash 

How did you try to regain your balance? 
Took steps; grasped the railing; leaned on 

the wall 

Outcome: Did you recover your balance or fall? 
Fell on my knees; recovered my balance 

without falling 

 

Table C.2. Transcribed voice recordings for the 24 included real-world trips. The real-world trip 

IDs include an alphabetical letter (assigned for each participant) and a number (assigned for each 

real-world trip per participant). These IDs are also denoted in Figure 4.4 for comparisons between 

the tripping kinematics and context of the real-world trips. 

 

Real-world trip ID Voice recording 

a1 

I hooked my foot on a leg of a table. It stung a bit, but I caught my 

balance without needing to hold on to anything. I was in the living 

room, and I was walking from one room to another. 

c1 

I just stumbled and almost fell. I was going into my office to do a little 

bit of work, and the dog decided to come with me and get in front of 

me, and he crashed into my leg, and I stumbled, but I was able to regain 

my footing, just you know, I just kept my balance. I didn't grab 

anything. 

d1 

I was down in the basement. I was helping clean out lots of clutter and 

tripped over a strap on the floor where I wasn't looking and just 

recovered quickly. It was a minor loss of balance and just kind of 

stepped forward. 
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d2 

I was in my house down in the basement, trying to maneuver between 

lots of stuff piled everywhere, and tripped with something on my right 

foot that stopped and quickly caught myself. I was moving from one 

spot to another, and my right foot caught on something on the floor. I 

immediately regained my balance by stepping forward and recovered 

completely. Did not fall and kept on going. 

e1 

Taking dog on a walk and was coming down a path and meant to step 

over a branch but caught toe and stumbled forward. Just took a couple 

steps with left foot but did not fall over. Just a couple recovery steps. 

h1 

I’m on my morning workout. I did grab a tree limb over here at 

municipal park around the skate park on the property and my right foot 

grabbed a tree limb and there was a little bit of a trip incident, but I 

recovered from the trip. I did not fall, and all is well. 

k1 

I stumbled at the rec center, walking down a kinda sticky floor, caught a 

toe, or really the ball of my foot, grabbed my balance very quickly after 

that, and so all is well, did not fall, just caught a toe, that was it. 

n1 
I just tripped on the wheel of the lawnmower while I was working in the 

tunnel, but I raised my foot up over it and I did not fall. 

n2 

I just had an incident where I tripped on a rug standing pad in our 

kitchen. I just clipped my toe against the end of it and stumbled a little 

bit and it was my left root that hit the rug and I corrected with a nice big 

step and did not fall. 

p1 
I stumbled slightly, as I was in the kitchen, and hit foot on the corner of 

the net. I did not fall. I just caught myself in stride and kept going. 

q1 

I was walking at the rec center. You can probably hear some of the 

noise of the people in the background here. We're going around the 

corner. I started to trip, and my left foot caught in the track, and I think 

that's what caused me to lose my balance. I was able to regain it by 

taking a fast step with my right leg, and the outcome was that I was able 

to recover and keep on going. 

q2 

I have been walking on a sidewalk in the neighborhood, and it had 

rained overnight so it was moist. I came into our house, and I didn't 

think about it but the bottom of my shoes were wet and as I stepped onto 

the wooden floor in our dining room I caught my left foot and it adhered 

to the floor, and I started to lose my balance but by taking an extra step 

with my right foot I was able to regain it, so the outcome is that I 

recovered and am doing okay. 
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r1 

I was just putting groceries away, walking across my wooden floor in 

the kitchen, and the front part of my shoes with rubber sole just hit onto 

the wood and, uh, stumbled just very briefly, and I just lifted my foot 

and put it down the right way to regain my balance, so it was fine. 

r2 

I just tripped. I was walking on our road, with my big dog, and a car 

passed me and the dog kinda bumped, went in front of me, and my foot 

hit his foot, so I tripped, but I just caught myself right away. I was 

looking down at my phone when I was walking, and when the dog 

moved over into me, my foot hit his foot and knocked my foot into my 

other foot, and that’s how I tripped. Just slightly. 

r3 
I’m in the grocery store and when I walked by something that had a 

little shelf sticking out, my foot hit it, and I tripped just slightly. 

r4 

I’m shopping in a store, and my right foot, uhm, it hit the floor and 

stuck or whatever, things that happen sometimes, and I stumbled a little 

bit, but nothing major. 

r5 

Once again, I’m in a different store, and uhm, it’s this kinda polished 

concrete just like the other, then again, this shoe hit, and it’s raining 

outside which might have something to do with it. This shoe kinda stuck 

on the floor when I was walking, made me stumble just a little bit. My 

right foot again. 

s1 

I tripped over a pole I couldn’t see, it’s nighttime, and I’m out at a little 

party that was outside. But, my little trip recovery thing, I just tripped, I 

recovered, and it was awesome. 

w1 

I tripped over a doorstop in my bedroom, recovered with no problem, 

didn't touch anything, didn't fall down, but I did trip over it with my left 

foot, just didn't see it was there. 

x1 
Walking out on my patio, stumbled on a brick that was laying at the 

corner of the patio with my left foot, regained balance, no problem 

x2 
Caught my leg on a walker on my father's right leg, and stumbled just a 

bit, regained balance no issues, just stumbled. 

z1 

I was walking down a ramp and tripped on the edge. Just took an extra 

step to correct myself. I feel completely fine and regained my balance 

quickly. 

z2 
I just stubbed my toe on the door sill on the way into the house at home, 

so nothing major, took another quick step and I’m fine. 
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z3 

I just caught my toe on the cord of a vacuum cleaner and took an extra 

step. I don’t think I was in danger of falling but just in case, I wanted to 

make sure I had a stable base. So that was here, on the farm in the 

workshop, and that was it. I’m fine. 

 

 


