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ABSTRACT 

Falls and fall-related injuries adversely affect the community-dwelling older people. Even the 

multifactorial fall-prevention programs could have insufficient effectiveness in reducing falls 

among the older people with history of falls (i.e., older fallers). Previous studies mainly used 

postural sways, gait analyses, or age-related neuromuscular analyses to evaluate balance 

and gait disorders. The neuromuscular and biomechanical mechanisms underlying reactive 

balance control were less focused. Identifying these intrinsic deficits of reactive balance 

control among the fall-prone people is essential to guide a more targeted design of fall-

prevention exercises for them.  

This PhD project aims to comprehensively investigate the biomechanical and neuromuscular 

alterations in reactive balance control that can indicate the fall histories/risks among older 

adults by using synchronized motion capture, electromyographic (EMG), and 

mechanomyographic (MMG) technologies. 

Four observational studies have been conducted, including: 

a. Exploring response speed and sequence of multiple lower-limb muscles/joints 

following unexpected translational moving-platform (Study 1) or waist-pull balance 

perturbations (Study 3) in healthy young adults. 

b. Comparing neuromuscular and kinematic responses following unexpected 

translational moving-platform perturbations (Study 2) or waist-pull balance 

perturbations (Study 4) in older fallers vs. older non-fallers. 

c. Examining what responses can predict older adults’ prospective falls over 1 year 

(Study 4). 
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Via a step-by-step approach, all the studies are linked together by the theme of probing the 

more intrinsic mechanisms of reactive balance control in fall-prone people. 

Pilot studies in healthy young adults (Study 1&3) have shown that ankle muscles had the 

largest activation rate among the examined leg muscles following either anteroposterior or 

mediolateral sudden balance loss.  

Two studies in older adults (Study 2&4) have both revealed that older fallers had insufficient 

activation of proximal hip muscles for reactive balance control. Study 2 has preliminarily found 

that fallers had to use the suspensory strategy (e.g., bending knees) to compensate for their 

slower reaction of ankle/hip strategies following unexpected translational moving-platform 

perturbations as compared to non-fallers. In Study 4, the reactive balance control induced by 

unexpected waist-pull perturbations was assessed in 36 fallers vs. 36 non-fallers, and these 

older adults’ prospective falls were tracked. Older fallers were observed with a quicker 

neuromuscular response following anterior perturbations but slower neuromuscular responses 

following posterior/medial/lateral perturbations than non-fallers. Additionally, the older adults’ 

prospective falls were predicted by (1) slowed/reduced activation of hip abductor (among the 

eight investigated leg muscles), (2) altered responses mostly in hip/knee joint (than ankle joint), 

and (3) alterations mostly in response to the mediolateral perturbations (than anteroposterior 

perturbations).  

In conclusion, the findings of this PhD project support the assessment of hip abductor’s activity 

during reactive balance tasks to complement the current fall-risk assessment, providing 

insights for a more targeted fall-prevention management for older people. Future work is 

merited to examine the effectiveness of training that targets the identified fall-related factors 

on preventing falls among the fall-prone older adults.  
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Chapter 1 Introduction 

1.1 Falls in Older Adults- A Public Health Issue 

Falls, based on the definition of World Health Organization (2021), occur when a person 

inadvertently lands on the ground, floor, or any lower level. They are particularly common 

among older populations. A recent systematic review reported that the global prevalence of 

falls among older adults is 26.5% (Salari et al., 2022). While most falls are non-fatal, they can 

lead to serious physical consequences, such as hip/wrist/elbow fractures, together with 

psychological effects, including a fear of falling (Asai et al., 2022). Fall-related decline in 

physical activity or even deconditioning can progressively weaken the older adults (Lusardi et 

al., 2017). Furthermore, falls impose a heavy burden on society due to direct healthcare costs 

and indirect productivity losses (Dykes et al., 2023). It is important to identify the modifiable 

fall-risk factors early for proving targeted fall-prevention management. This may help reduce 

the fall incidences and related injuries, as well as alleviate the considerable socioeconomic 

burden.  

1.2 Multifaceted Fall-risk Factors 

Numerous studies have demonstrated the multifactorial nature of falls among the older 

population. Falls occurred or may well occur under the complex interaction of various factors. 

Generally, these fall-risk factors can be categorized into three broad types.  

1) the environmental ones  

This category of fall-risk factors refer to those hazardous features existing in the environment 

that can provoke falls like dim lighting, uneven ground, slippery surface and poorly designed 

public spaces (Kim et al., 2020). 

2) the behavioral ones 
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Behavioral fall-risk factors involve the reduction of physical activity (Gates et al., 2008), fear 

of falling (Scheffer et al., 2008), ill-suited footwears (Menant et al., 2008), medication use 

(Huang et al., 2012), alcohol misuse (Mukamal et al., 2004), depression (Kvelde et al., 2013), 

lack of social support (Chang & Ganz, 2007), etc.  

3) the biological ones  

Falls have also been reported to link with some biological factors, such as older age (World 

Health Organization, 2008), female gender, Caucasian ethnicity (Karlsson et al., 2013), 

decreased function of visual, proprioceptive and vestibular systems (Barker et al., 2009), 

balance and gait disorders (Seidler et al., 2010), cognitive impairment (Muir et al., 2012), fall 

histories (J. C. Kim et al., 2017), history of some chronic diseases (Kim et al., 2020), etc. Falls 

occurred or may well occur under the complex interaction of such factors.  

1.3 Fall-prevention Approaches Are Multifactorial 

Contingent upon the diversity of fall-risk factors, the intervention programs dealing with falls 

have also been multidimensional. These preventive or therapeutic approaches for older 

people can vary from the exercise intervention, education and vitamin D supplementation to 

the drug-targeted therapy, surgical management, footwear modification and home hazard 

elimination (Karlsson et al., 2013). Multifactorial intervention (MFI) programs incorporating 

three or more of such approaches have appeared to be most effective in reducing falls among 

older individuals, as opposed to the single-factorial or two-factorial treatments (Cheng et al., 

2018; Rubenstein, 2006). Exercise intervention, usually served as an indispensable 

component of MFI program, was also suggested to have the strongest effects on fall 

prevention when involving balance, strength, flexibility and endurance trainings concurrently 

(Cadore et al., 2013; Gillespie et al., 2012). Conversely, specific forms of physical activity may 

increase the likelihood of falling by shifting a person’s center of gravity (Chan et al., 2007). 
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Figure 1-1. Falls and fall-prevention strategies are multifactorial (summarized from Karlsson et al., 2013). 

 

The multifaceted characteristic of these treatments, however, does not necessarily mean that 

they can be without intervening emphasis. Providing targeted interventions is still of vital 

importance. For one thing, a more tailored MFI program will be cost-efficient and thus suitable 

for the occasions when fall-prevention resources are limited (Cheng et al., 2018). For another 

thing, older adults may be more willing to take part in and adhere to an exercise regimen if 

similar functional benefits can be obtained with focused but less volume of training (Radaelli 

et al., 2019).  

Nevertheless, even upon joining an individualized MFI program, some older fallers (i.e., older 

people with fall histories) may still not respond well and fall recurrently. Two randomized 

controlled trials conducted in Netherlands once studied the effectiveness of MFI programs and 

usual post-falling injury care, respectively, on the older people who had experienced at least 

one injurious fall (de Vries et al., 2010; Vind et al., 2009). The MFI programs were designed 

based on the fall-risk assessment for each individual, involved multidisciplinary medical staff, 

and consisted of drug intervention, exercise training, education, home hazard reduction etc. 

But these programs turned out to be no more effective than the usual medical care in reducing 
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older fallers’ rate of future falling, in shortening the time to first fall, or in improving their ability 

of daily living. In Hong Kong, the 1-year prevalence of recurrent falls (i.e. at least two falls each 

year) among the community-dwelling older people was about 5%, which means one in every 

four older fallers would undergo repeated falls (Chu et al., 2007). These recurrent older fallers 

may suffer more severe disabilities and psychological problems than those who fell once. It 

seems more intractable to prevent and manage the recurrent falls. 

1.4 Possible Factors Undermining Effectiveness of Fall-Prevention Strategies 

Leaving aside the implementation issues (e.g., by whom and how the intervention is delivered), 

limitations of the currently identified fall-risk factors should be considered more in-depth, in 

terms of why a theoretically ideal multifaceted treatment cannot succeed in fall prevention.  

The first limitation is that quite a few biological risk factors of falling are identified as closely 

associated with degenerative processes. Except for some non-modifiable ones like the race 

and the history of previous falls, the other modifiable fall-related factors (e.g., the decline of 

sensorimotor and cognitive capacities) are usually involved with either physiological or 

pathological degradation. More specifically, ageing and/or the progression of chronic diseases 

(e.g., the Parkinson’s disease) would counteract the benefits of preventive acts to an extent. 

Thus, when older community-dwellers’ disabilities do not properly resolve with the treatment 

of the underlying disorders (e.g. hemiparesis, ataxia, persistent weakness or joint deformities) 

(Rubenstein, 2006), even the tailored MPI program may appear not that useful to prevent this 

population from future falls.  

The second limitation might be the inappropriate ways whereby some fall-related factors were 

determined. As reported in some studies, previous fall history is one of the fall-risk factors 

(Deandrea et al., 2010). This indicates that older fallers, i.e., the older people who have fallen 

before, are more prone to future falls. Targeting the problems that exist in these high-risk 
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groups may help detect the risk factors of falls that are more related to themselves. However, 

so far, quite a few biological factors of falling have been determined by comparing between 

the different age groups only, especially between the older and young adults, without putting 

more focus on factor of falls by maximally eliminating the influence of the age factor. Based 

on such study participants and the corresponding identified factors (Palmer et al., 2017; 

Schettino et al., 2014), some fall-prevention programs have been developed and evaluated 

(McKinnon et al., 2017). Unfortunately, the previous attempts have generated inconsistent 

results in terms of the fall-prevention effectiveness (Kobayashi et al., 2016; Piirainen et al., 

2014). A possible explanation might be that most previous fall-prevention managements have 

been designed and developed based on the findings that did not eliminate the factor of age, 

when the comparisons have mostly been conducted between the young and older people. 

Attempts can be made to investigate the mechanisms that are closely correlated with falls 1) 

by comparing older fallers vs. older non-fallers and/or 2) by investigating the factors that can 

predict prospective fall incidences among the older adults. It is reasonable to expect that if the 

identified fall-risk factors are derived in a less age-related way by purely looking at the factor 

of history of falls and minimizing the confounding factor of age, the effectiveness of the 

correspondingly developed fall-prevention managements can be less susceptible to the age 

of the older adults. The convincing method for identifying risk factors associated with falls is 

through prospective cohort research. Alternatively, distinguishing between fallers and non-

fallers provides an economic and feasible way to preliminarily identify the potential fall-related 

factors. Some of the deficits reflected on older fallers are also good indicators of fall risks, 

giving valuable guidance to the community-dwelling fallers and non-fallers on remediation and 

prevention measures, respectively. Together, for one thing, the identification of more 

potentially fall-related factors merits further study by comparing the older fallers and older non-

fallers at similar age; for another thing, the more in-depth fall-risk factors can be determined 
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by directly conducting the prospective cohort studies with confounders (e.g., age) controlled. 

1.5 Assessment of Postural Balance Control in Fall-prone Older People 

Balance and gait disorders have been consistently identified as the second leading cause for 

falls in humans (Rubenstein, 2006) and the primary cause for falls in older adults (Salzman, 

2010). Generally, there are two types of postural balance control. One is volitional balance 

control, also called anticipatory or proactive balance control, which means the person has prior 

knowledge of the incoming perturbation and makes the postural adjustment in advance 

(Tisserand et al., 2015). The other is the reactive balance control, also called the 

compensatory or automatic balance control, which means the incoming perturbation is 

unexpected and the person makes postural adjustments after feeling the feedback of 

perturbation (Tisserand et al., 2015). Plenty of clinical or instrumented tests have been 

developed to test the balance performance and identify the older people who are prone to falls.  

 

Figure 1-2. Two types of postural control (summarized from Tisserand et al., 2015). 

 

1.5.1 Clinical Assessment of Balance Performance 

Most clinical tests/scales assess the client’s volitional balance control, whereas there exist 
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only a restricted set of clinical tests or scales designed to evaluate reactive balance control. 

Examples for assessing volitional balance control are the Timed Up and Go test (TUG), the 

Short Physical Performance Battery (SPPB), the Berg Balance scale (BBS), and the 

Performance Oriented Mobility Assessment (POMA). In clinics or hospitals, the examiner 

typically induces the client's reactive balance control manually. Specifically, one way to induce 

sudden balance loss is the pull test, which means the client is induced by the examiner’s 

backward pull on the shoulder (Foreman et al., 2011). Another way is the push and release 

test, which means the client leans on the examiner’s hands and the examiner then suddenly 

removes the hands to induce unexpected balance loss (Valkovič et al., 2008), and the sub-

item of assessing reactive balance control in the Balance Evaluation Systems Test (BESTest) 

(Horak et al., 2009) or the Mini Balance Evaluation Systems Test (Mini-BESTest) is also based 

on this way (Franchignoni et al., 2010). For both the two ways of assessing reactive balance 

control, the client’s performance is scored based on how many steps the client made or 

whether the client has a fall after the manually induced perturbation. 

Together, the clinical tests/scales for assessing postural balance control are relatively quick 

tools that enable preliminary screening of older adults’ fall risks. However, given the subjective 

characteristic of the clinical tests/scales, they may still rely much on the examiner’s clinical 

experience. For example, some older adults who are afraid of falling may not dare to lean their 

body weight fully on the examiner’s hands. If the examiner does not identify this or give further 

instructions to encourage the client, the scoring of the client’s reactive balance control will not 

be accurate. In addition, given the qualitative or semi-quantitative characteristic of the clinical 

tests/scales, they may not be sensitive enough to detect some fallers with fairly good physical 

condition. For example, one recent study reported that the Mini-BESTest score could not 

differentiate older fallers from older non-fallers, due to the ceiling effects (Li et al., 2023). Given 

the limited approaches and the insufficient sensitivity of the clinical tests/scales that assess 
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reactive balance control, this PhD project attempts to probe the intrinsic mechanisms of 

reactive balance control among the fall-prone people and enhance fall-risk assessment. 

1.5.2 Instrumented Assessment of Balance Performance 

In laboratory settings, reactive balance control can be induced by the various perturbation 

systems, such as the waist-pull perturbation system, moving-platform system, and shoulder-

impact system. With the machine, the perturbation magnitude/intensity and the starting time 

of perturbation are more controllable for inducing reactive balance control (Chapter 2.3). 

Instrumented measurements of balance performance include the quantification of whole-body 

postural sways, gait parameters or stepping characteristics, and responses of specific joints. 

(1) Measurement of whole-body postural sways 

The performance of reactive balance control can be quantified by the whole-body postural 

sways, i.e., the center-of-mass (CoM) displacements, the center-of-pressure (CoP) 

displacements.  

Postural balance is typically described as the capacity to maintain the vertical projection of the 

CoM within the limits of base of support (BoS) (Winter et al., 1998). With the technology of 

motion capture and analysis, a person’s whole-body segments can be reconstructed, and the 

CoM displacement can be calculated, serving as a kinematic measure to quantify the person’s 

whole-body postural sway. Older fallers were reported to have a larger CoM displacement 

than older non-fallers following unexpected mediolateral moving-platform perturbations 

(Mortaza et al., 2014). In another study, it was found that older fallers exhibited a significantly 

larger lateral CoM velocity at step landing than older non-fallers after unexpected anterior 

waist-pull perturbations (Rogers et al., 2001).  

By using the force plate(s), laboratory posturography provides an alternative to evaluate the 
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whole-body postural sways through the kinetic measurement of CoP displacements. 

According to the latest systematic review, some CoP parameters measured during quiet 

standing not only serve as effective indicators for distinguishing between older fallers from 

older non-fallers but also demonstrate a strong ability to predict the risk of falls in older adults. 

(Quijoux et al., 2020). Regarding the reactive balance control, older adults who had 

prospective falling were observed with significantly later time to peak COP displacement than 

the older adults without prospective falling following unexpected mediolateral moving-platform 

perturbations, but no significant difference was found following the anteroposterior ones (Maki 

et al., 1994). In addition, regarding the average COP velocity following any direction of 

unexpected moving-platform perturbation, this research discovered that no alteration could 

distinguish the older adults who had prospective falls from those who did not (Maki et al., 

1994). However, for other studies, they failed to identify significant differences in older fallers 

vs. older non-fallers regarding the onset latency/time to peak COP displacement during 

unexpected lateral shoulder-impact perturbations (Claudino et al., 2017) or in the 

peak/average COP velocity following unexpected waist-pull perturbations (Fujimoto et al., 

2015).  

Together, there have been inconsistent results regarding whether the response speed of 

whole-body postural sways following sudden balance loss can distinguish the older people 

with fall histories or high fall risks, a narrative review has been done in Chapter 2.3 Literature 

Review: Response speed of reactive balance control in older adults with different fall 

histories or risks. 

(2) Measurement of gait or stepping characteristics 

Some gait parameters and stepping characteristics have been reported to be able to identify 

the older people with fall histories or high fall risks. Spatiotemporal parameters during volitional 
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walking like step length, gait speed, stride length and stance time variability have 

demonstrated high discriminative power in distinguishing older fallers from older non-fallers 

(Mortaza et al., 2014). In addition, a recent systematic review synthesized the parameters 

concerning stepping characteristics and concluded that stepping impairments in both volitional 

balance control and reactive balance control are notable fall-risk factors (Okubo et al., 2021). 

Specifically, in their meta-analysis, it was found that older fallers required more recovery steps 

in contrast to older non-fallers in reactive balance control (Okubo et al., 2021). Besides the 

number of steps following unexpected perturbations, prior studies have also investigated older 

fallers and older non-fallers’ timing/speed of the reactive stepping responses, such as the step 

initiation time, step duration, step landing time, average step velocity (Bair et al., 2016; 

Fujimoto et al., 2015; Mille et al., 2013; Sturnieks et al., 2013; Tantisuwat et al., 2011). 

However, these speed measures of stepping responses have exhibited inconsistent abilities 

in identifying the fall-prone older people (Chapter 2.3). 

(3) Measurement of the biomechanical response at a specific joint 

Besides the stepping strategy, humans can have feet-in-place strategies (to maintain postural 

balance when the perturbation magnitude is not large. Examples are ankle strategy, hip 

strategy, and suspensory strategy. As summarized in a narrative review, older adults prioritize 

the use of proximal hip strategy for balance control, whereas young adults prioritize the use of 

distal ankle strategy for balance control (Osoba et al., 2019). Another study also provided the 

evidence of joint kinetics and revealed that age-related differences were observed in peak 

powers of hip and knee joints but not in ankle joints following suddenly forward balance loss 

induced by a moving-platform system (Hall & Jensen, 2002). In addition, that study found that 

the use of feet-in-place strategy was energetically more demanding than the stepping strategy 

during reactive balance control, which could explain why older adults also had more stepping 

responses that young adults (Hall & Jensen, 2002). However, as stated in Chapter 1.4, the 
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age-related alterations cannot be the direct fall indicators. Prior studies have rarely 

investigated whether the kinematic/kinetic responses of specific lower-limb joints in reactive 

balance control could indicate the fall histories/risks among older adults. This PhD project 

therefore attempts to fill in this research gap. 

1.6 Assessment of Lower-limb Muscle Function in Fall-prone Older People 

Reactive balance control involves the pathways of sensory input (external perturbation 

feedback), central organization, and motor output (Osoba et al., 2019). Prompt and adequate 

muscle responses are indispensable in the motor output to produce an effective balance-

control strategy (Osoba et al., 2019). Comparing the muscular function between older fallers 

and older non-fallers might provide more insights into the balance-control mechanisms and 

fall-prevention strategies.  

1.6.1 Measurement of Lower-limb Muscle Strength in Fall-prone Older People 

Weakness of lower-limb muscles has been reported as one cause for falls in older people 

(Aagaard et al., 2010), especially in several agonist/antagonist muscle groups that contribute 

to the maintenance of balance: hip flexors/extensors, hip abductors/adductors, and ankle 

plantarflexors/dorsiflexors (Calmels & Minaire, 1995). Attention is typically directed towards 

the grade of manual muscle testing (MMT) and the peak torque or force values observed 

during maximal voluntary contraction (MVC) tests as they signify the kinetic output capacity of 

the muscles in question. However, many daily activities do not actually demand maximal 

muscle strength. Additionally, generating maximal torque usually requires at least 300 ms 

(Palmer et al., 2017), which might not be timely in scenarios like recovering balance following 

an abrupt perturbation, where rapid force production within 100-200 ms is necessary to hold 

an upright posture (Palmer et al., 2017).  

Therefore, in contrast to maximal strength, rapid strength parameters (i.e., rate of torque or 
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force development, power) may have a greater importance on postural control performance 

to avoid falls. However, the rapid strength characteristics of lower limb muscles have showed 

inconsistent abilities across the relevant studies in differentiating older adults’ fall histories/fall 

risks, and a systematic review with meta-analyses regarding this topic has been conducted in 

this PhD project (see Chapter 2.2). 

1.6.2 Measurement of Neuromuscular (EMG) and Muscle Contractile 

Activities (MMG) in Fall-prone Older People 

Neuromuscular activation measured by electromyography (EMG) does not equal muscle 

strength. This has been reflected by the previous study, which found that older fallers showed 

a higher peak EMG amplitude of knee extensor but had smaller peak torque and peak power 

values than older non-fallers during the isokinetic strength test (Crozara et al., 2016). The 

increased activation in fallers could be attributed to a compensatory response to counteract 

their lower-limb muscle weakness or an impaired neuromuscular efficiency. The requirement 

for engaging more motor units can induce fatigue and consequently may increase the risk of 

falls (Crozara et al., 2016). Another study also found that older fallers had a higher co-

contraction index (CCI) of the knee flexor-extensor pair than older non-fallers when they were 

performing the maximal step length task, whereas peak torque and power values at the knee 

joint did not differ significantly between the two older groups (Schulz et al., 2013). Together, 

these findings indicated that older fallers had the altered activation in lower-limb muscles in 

contrast to older non-fallers during the volitional strength or balance tasks, and the observed 

changes in neuromuscular activation might not align consistently with alterations in muscle 

strength. 

Regarding the neuromuscular activation patterns during reactive balance control, some 

previous studies observed that fallers had the delayed lower-limb muscle response following 

sudden balance loss in contrast to older non-fallers (Claudino et al., 2017), while other studies 
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did not observe the difference in neuromuscular activation (Thompson et al., 2018). In 

Chapter 2.3, the analysis of EMG timing parameters has been reviewed to examine whether 

there is an alteration in the speed of neuromuscular activation following sudden balance loss 

that can identify the older adults who had fall histories. Some limitations were identified to exist 

in the previous investigations. Most pertinent studies focused on a limited selection of lower-

limb muscles, such as hip abductor (Claudino et al., 2017), knee flexor/extensor (Claudino et 

al., 2017; Ochi et al., 2014; Thompson et al., 2018), and/or ankle dorsiflexor/plantarflexor 

(Claudino et al., 2017; Ochi et al., 2014; Studenski & Chandler, 1991; Thompson et al., 2018). 

In addition, they typically analyzed only one or a few timing and amplitude parameters of EMG 

signals in each investigation (Claudino et al., 2017; Ochi et al., 2014; Studenski & Chandler, 

1991; Thompson et al., 2018). This PhD project therefore has conducted a series of studies 

to resolve these limitations so that the more rooted neuromuscular response during reactive 

balance control can be identified to facilitate the early detection of fall-prone people. Firstly, 

this PhD project attempts to investigate the responses of an expanded set of hip, knee, and 

ankle muscles crucial for balance control. Secondly, this PhD project attempts to have a more 

comprehensive analysis of the amplitude and timing parameters of EMG signals. Amplitude 

parameters include the rate of EMG rise, peak EMG amplitude, and agonist-antagonist CCI. 

Timing parameters include the EMG onset latency, time to peak EMG amplitude, and EMG 

burst duration. Thirdly, in addition to studying neuromuscular responses between the older 

individuals who had fall histories and those who did not, this PhD project attempts to examine 

what neuromuscular responses following sudden balance loss can predict the future fall risks 

of older adults. 

Mechanomyography (MMG) is a non-invasive and reliable tool that can measure the skeletal 

muscle vibration, i.e. low-frequency lateral oscillations in the active skeletal muscle fiber (Bos 

et al., 2016). Unlike EMG recording the electrical activities from the neuromuscular junction, 
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MMG signals provide valuable information on muscle contractile properties. During voluntary 

or electrically evoked contractions, muscle fibers cyclically shorten and produce pressure 

waves. MMG is such a technique to detect these “sounds”. Thus, there are three other 

commonly used terms that refer to MMG, i.e., acoustic myography, vibromyography and 

phonomyography (Islam et al., 2012). The most common sensor for collecting MMG signals 

is the accelerometer.  

The significance of introducing the measurement of muscle’s contractile activity is that the 

MMG together with the EMG signals and the force signals can depict the electromechanical 

delay more intrinsically. Electromechanical delay refers to the time lapse between muscle 

activation initiation and force generation onset. Within the electromechanical delay, the 

electrochemical component, i.e., the lagged time between EMG signal onset and MMG signal 

onset, mainly involves events like the excitation-contraction coupling and the transmission of 

pressure waves to skin. The mechanical component, i.e., the lagged time between MMG 

signal onset and force or torque signal onset, mainly indicates the duration required to 

eliminate slack in the muscle-tendon unit before the force transmits to the tendon insertion 

becomes effective. As these parameters can reflect the temporal sequence of neuromuscular 

activation, it’s reasonable to assume that they can reveal more on the reaction time of older 

people in different levels of fall risks. In this way, whether the fall risk in older population is 

correlated more with the neural deficits or with the contractile part might be better understood.  

However, currently, there is a lack of studies that have proposed to measure the muscle 

contractile activities during reactive balance control to identify the fall-prone older people. The 

reason is that the current MMG or SMMG technology has been mostly constrained in the static 

situation (e.g., isometric contraction). In the dynamic situations, some recent studies have 

proposed methods to process the collected accelerometry data, trying to partition the MMG 

signal that is from muscle vibration and the signal that is from movement of body segment 
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during walking (Lyu et al., 2022; Ma, Ling, et al., 2019; Plewa et al., 2018). Therefore, this PhD 

project also makes attempts to analyze the MMG signals collected from reactive balance 

control.  

 

Figure 1-3. A schematic diagram of electromechanical delay. 

 

1.7 Research Gaps 

To summarize, there have been three major research gaps in previous relevant studies. 

(1) The more intrinsic mechanisms of joint kinematics, joint kinetics, and muscle activities 

underlying reactive balance control have been unclear. 

(2) The joint kinematics, joint kinetics, and muscle activities underlying reactive balance 

control that can differentiate fall histories have been insufficient and unclear. 

(3) The joint kinematics, joint kinetics, and muscle activities underlying reactive balance 

control that can differentiate prospective falls have been uninvestigated and unknown. 

(4) The joint kinematics, joint kinetics, and muscle activities underlying reactive balance 

control that can predict prospective falls have been uninvestigated and unknown. 

1.8 Outline of This PhD Project 

This PhD project therefore aims to progressively explore the mechanisms underlying reactive 

balance control from young adults to older adults, and identify the more in-depth 
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biomechanical/neuromuscular factors that can indicate older adults’ fall histories or fall risks. 

Specifically, this PhD project attempts to answer the research questions below: 

(1) How do various hip, knee, and ankle muscles and joints react to sudden balance losses? 

(2) What differences do fallers (i.e., older people with at least 1 fall in past one year) exhibit 

as compared to non-fallers in neuromuscular/kinetic/kinematic responses to sudden 

balance losses? 

(3) What differences do prospective fallers (i.e., older people with 1fall in prospective one 

year) have as compared to prospective non-fallers in neuromuscular/kinetic/kinematic 

responses to sudden balance losses? 

(4) What neuromuscular/kinetic/kinematic alterations in response to sudden balance 

losses can predict prospective falls in older adults? 

To answer these research questions, this PhD project has the following objectives: 

(1) To comprehensively analyze the timing and amplitude characteristics of hip/knee/ankle 

muscle activities (i.e., EMG signals and MMG signals) and hip/knee/ankle joint 

responses (i.e., joint powers, moments, and powers) during reactive balance control. 

(2) To compare older fallers and older non-fallers’ differences in hip/knee/ankle muscle 

activities and hip/knee/ankle joint responses during reactive balance control. 

(3) To compare prospective fallers and prospective non-fallers’ differences in 

hip/knee/ankle muscle activities and hip/knee/ankle joint responses during reactive 

balance control. 

(4) To identify the abilities and accuracies of neuromuscular/kinetic/kinematic alterations 

during reactive balance control that can predict older people’s prospective falls. 

According to the findings of prior literature, it is hypothesized as below: 
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(1) The hip, knee, and ankle muscles/joints would have different response speeds 

following unexpected balance perturbations. 

(2) Older fallers would prominently use hip strategies than older non-fallers following 

unexpected balance perturbations. 

(3) Prospective fallers would prominently use hip strategies than prospective non-fallers 

following unexpected balance perturbations. 

(4) The delayed and reduced neuromuscular/kinetic/kinematic responses following 

unexpected balance perturbations would predict older adults’ prospective falls. 

The overall PhD study has been conducted in four phases and can be categorized into two 

parts based on the methods to induce reactive balance (see Figure 1-4).  

Study 1 (Moving-platform system validation): Exploring the response speed and sequence 

of eight major lower-limb muscles/joint motions following unexpected translational moving-

platform balance perturbations in healthy young adults (To bridge the research gap 1. See 

also Chapter 3). 

Study 2 (Pilot study on moving-platform reactive balance responses in older adults): 

Exploring neuromuscular and kinematic factors that are closely associated with falls by 

comparing reactive balance control following unexpected translational moving-platform 

perturbations in older fallers vs. older non-fallers (To bridge the research gap 1&2. See also 

Chapter 4). 

Study 3 (Waist-pull system validation): Exploring the response speed and sequence of eight 

major lower-limb muscles/joint motions/joint moments/joint powers following unexpected 

waist-pull balance perturbations in healthy young adults (To bridge the research gap 1. See 

also Chapter 5).  
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Study 4 (Main study on waist-pull reactive balance responses in older adults): Exploring 

neuromuscular and biomechanical factors that are closely associated with falls, by 

comparing reactive standing balance control following unexpected waist-pull perturbations 

in older fallers vs. older non-fallers and by tracking their falls within future 1 year (To bridge 

all research gaps. See also Chapter 6). 

 

Figure 1-4. Outline of this PhD project. 

 

To summarize, this PhD project attempts to identify the more rooted factors of falls in 

community-dwelling older adults with the minimal bias of aging and other confounders of falls, 

thus guiding a more effective fall-prevention program for future implementation in the long run. 

Towards this goal, the customized perturbation system to induce unexpected translational 

moving-platform perturbations has been firstly validated and synchronized with the motion 

capture system and multi-channel EMG and MMG system (Part 1). The moving-platform 

perturbations simulate older adult’s taking a bus in daily life. A thorough examination of 

kinematic, neuromuscular activation, and muscle contractile (i.e., lateral vibration) 

characteristics has been tried to delve into the intrinsic mechanisms of reactive balance control 

in young adults (Study 1) and in older fallers vs. older non-fallers (Study 2). However, the 
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experimental set-up of moving-platform system did not incorporate the use of force plates, 

making kinetic data unavailable. Considering the importance of lower-limb power to 

differentiate/predict older adults’ falls (Chapter 2) (Zhu, Zuo, et al., 2025), the perturbation 

system was modified to enable the inducing of waist-pull perturbations and enable the use of 

force plates. This PhD project therefore had more focus on the waist-pull responses (Part 2). 

Similarly, the perturbation system has been verified to reliably induce waist-pull perturbations, 

which simulate the examiner’s pull test for assessing reactive balance control in hospitals or 

clinical settings (Study 3). Then in the main study, a cohort of older fallers and older non-fallers 

with justified sample size were recruited and their neuromuscular/kinetic/kinematic responses 

following waist-pull perturbations were compared. After prospective fall tracking, regression 

analyses were conducted to identify what neuromuscular/kinetic/kinematic  parameters 

during reactive balance control can predict older adults’ prospective falls with confounders 

(i.e., age, sex, body mass index, fall history, balance performance evaluated by Mini-BESTest, 

physical activity level, degree of fear of falling) adjusted. Diagnostic accuracy tests have been 

further conducted to determine the accuracies of these neuromuscular/kinetic/kinematic 

parameters in predicting older adults’ prospective falls (Study 4). 

1.9 Significance of This PhD Project 

Around 1 in 3 older adults falls each year worldwide. Fall-related injuries and deaths are major 

health problems worldwide and burden society heavily. Older adults who had fall histories (i.e., 

older fallers) have odds of future falls. Additionally, multifactorial fall-prevention programs are 

recommended; however, they have been reported to be inadequately successful in reducing 

fall incidences among the older fallers.  

Identifying the more in-depth deficits in balance-control strategies among the fall-prone older 

people and targeting these deficits may potentially enhance the effectiveness of fall-prevention 
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management. This PhD project therefore has firstly delved deeper into the mechanisms of 

reactive balance control among the young adults, then retrospectively recruited older fallers 

and older non-fallers to conduct intrinsic and extrinsic evaluations of reactive balance control 

among these participants, and finally followed up their fall incidences prospectively to identify 

the fall-risk factors. The findings of this PhD project could aid in a more precise assessment 

of fall risk and improve the formulation of targeted fall prevention strategies. To be specific:  

By investigating the kinematics and kinetics of hip/knee/ankle joints together with the 

neuromuscular and contractile properties of multiple lower-limb muscles, the more intrinsic 

mechanisms underlying reactive balance control can be better understood. These 

comprehensive analyses can function as multimodal datasets encompassing healthy young 

adults, older adults at low risk of falls, and older adults at high risk of falls concerning reactive 

balance control, paving the way for the development of robotic assistive technologies aimed 

at fall prevention. 

By comparing the age-matched older fallers and older non-fallers with relatively good health, 

the fall-related factors identified in this project might be less susceptible to bias of age and 

disease, and the targeted interventions may potentially be more successful in mitigating falls 

among the older adults. By using the synchronized multi-sensing technologies, even the subtle 

deficits of reactive balance control shall be more easily distinguished, making the detection of 

more in-depth fall indicators possible.  

By examining relationships between the neuromuscular/kinetic/kinematic responses in 

reactive balance control and the older people’s prospective falls, this project can identify the 

in-depth alterations underlying reactive balance control that can indicate fall risks in older 

adults. By determining the diagnostic accuracies and cut-point values of these 

neuromuscular/kinetic/kinematic parameters to classify fall risks, their clinical utility in fall-risk 
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assessment can be revealed, which may enhance a more sensitive fall-risk assessment 

among the community-dwelling older adults. 

Together, this PhD project highlights its in-depth exploration of neuromuscular/biomechanical 

mechanisms following sudden balance losses in fall-prone people. The findings of this project 

will enhance the current assessment of reactive balance control, aiding in the early detection 

of older adults who have high fall risks and potentially offering clearer guidance for the 

implementation of targeted fall-prevention programs. 
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Chapter 2 Literature Review 

2.1 Chapter Introduction 

This chapter includes literature reviews on two research questions: 1) Can the lower-limb rapid 

strength differentiate the community-dwelling older people who had fall histories or had high 

fall risks? and 2) Can the response speed of reactive balance control differentiate the 

community-dwelling older adults who had fall histories or had high fall risks? 

The first systematic review with meta-analysis was performed, considering the ability of rapidly 

generating adequate lower-limb strength is important in maintaining postural balance or 

preventing experimentally induced tripping. “Rapid strength” has been proposed to reflect this 

ability, i.e., rate of torque/force development, power. However, there was no consensus on 

whether the deficiency in lower-limb rapid strength could distinguish the community-dwelling 

older adults who had fall histories or had high fall risks. To bridge this research gap, this review 

searched six databases and included 20 relevant observational studies. The meta-analysis 

results showed that the overall lower-limb rapid strength was smaller in older adults with fall 

history (SMD = -0.41) and future falls (SMD = -0.21) when in contrast to non-fallers. The 

average leg-press power and peak sit-to-stand power could discern fall history and predict fall 

risks among older adults, so as the peak sit-to-stand power. The rate of torque development 

of a single lower-limb muscle group was unable to predict future falls, and it generally could 

not distinguish the fall history in older adults. These findings substantiated the quantitative 

measurements of entire lower-limb power to supplement the existing physical function tests 

for detecting older adults’ fall risks early, which may potentially facilitate early provision of 

interventions to prevent falls. 

The second narrative review was conducted, considering that there was no consensus on 

whether the declined reactive balance speed could distinguish the community-dwelling older 
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adults who had fall histories or had high fall risks. To bridge this research gap, this review 

searched five databases and included 13 relevant observational studies with 859 community-

dwelling older adults. Preliminary qualitative analysis showed that the delayed initiation of 

reactive backward step and the delayed time to peak medial/lateral postural sway could predict 

the older adults’ fall risks, as indicated by the prospective studies with good methodological 

qualities. The cross-sectional studies with poor to fair methodological qualities also supported 

the slower response speed following backward/medial/lateral sudden balance losses in older 

adults with fall histories, while it was the faster response following anterior loss of balance that 

may indicate the older adults’ fall histories.  
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2.2 Systematic Review: Lower-limb rapid strength in older people with different 

fall histories or risks 

This study has been published by the author of this thesis as an article in the journal 

of BMC Geriatrics. This article has an open access article distributed under the terms 

and conditions of the Creative Commons Attribution (CC BY) license 

(https://creativecommons.org/licenses/by/4.0/), and the authors retain its copyright. 



25 

Access to the article: https://doi.org/10.1186/s12877-025-05685-3. 

Reprinted and adapted from Zhu, R.TL., Zuo, J.JJ., Li, KJ. et al. Association of lower-limb 

strength with different fall histories or prospective falls in community-dwelling older people: a 

systematic review and meta-analysis. BMC Geriatr 25, 83 (2025). 
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2.2.1 Introduction 

Weakness of lower-limb muscles has been widely reported as one cause for falls in 

community-dwelling and institutionalized older people (Ahmadiahangar et al., 2018; Ikezoe et 

al., 2009; Yang et al., 2018). To evaluate the degree of weakness, both the maximal strength 

and the rapid strength characteristics of lower-limb muscles can be tested. Manual muscle 

testing (MMT) grades the muscle strength from 0 to 5, while the equipment of dynamometry 

enables a more quantitative record of peak joint torque or peak muscular force during maximal 

voluntary contractions (MVC) of subjects. These measurements focus on the ability of maximal 

kinetic output of older people. However, many daily-life activities for older people do not entail 

the generation of maximal lower limb strength. Rather, developing the muscle force in a very 

limited time seems to matter more for older people when they confront the unexpected 

perturbations suddenly in daily life. Occasions like standing on the suddenly accelerating 

transportation vehicles, unanticipated tripping and/or slipping highly demands the prompt 

recovery of postural balance, which further implies that the fast generation of adequate lower 

limb strength would be necessary for older people to avoid the real falls. Several rapid strength 

characteristics can be used to evaluate both the speed and the amplitude of force production. 

Muscle power is usually defined as the maximal product of the motion speed and the 

generated force. Rate of torque development (RTD) or rate of force development (RFD) refers 

to the average rise of torque or force over a rather short period (Δtorque/Δt or Δforce/Δt). 

Concerning the above-mentioned relationship between muscle weakness and risk of falls, it 

is reasonable to assume that rapid strength characteristics of lower limb muscles could be 

applied in assessing the fall risks of older people. 

Decline in rapid strength of lower limb muscles with the advancing of age has been well-

documented. This is also evidenced by the increasingly pronounced sarcopenia (loss in 

muscle quantity and quality) with ages. Varesco et al. found that the normalized RFD at 0-50 
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and 0-200 ms of maximal isometric knee extension was lower in old men than that in young 

men (Varesco et al., 2019). Lamoureux et al. had the similar finding that the older people 

(aged≥70) generated significantly smaller RTD in knee extensors compared with old people 

at younger age (aged<70) (Lamoureux et al., 2001). For the ankle muscular function, young 

adults performed better in rapid torque production than older people during isometric MVC 

tasks of plantarflexion (King et al., 2012; Rice et al., 2019) and dorsiflexion (Cogliati et al., 

2020). In addition, Palmer et al. and Inacio et al. reported the reduced RTD variables of hip 

abductor (Inacio et al., 2019) and extensor (Palmer et al., 2017) voluntary contractions among 

the older adults. Several other studies have investigated further about the association between 

the rapid strength characteristics in lower limbs and the balance maintaining capability, as 

indicated by parameters like maximum recoverable lean angle during tether-release tests 

(Ochi et al., 2020), peak center of pressure (CoP) displacements during perturbed standing 

on a moving platform (Zemkova et al., 2017), and peak slip velocity during experimentally 

induced slips (Wyszomierski et al., 2009). However, the age-related RTD decrease and the 

association between rapid strength and postural balance were not sufficient to imply the fall 

risks of older adults. 

To more directly elucidate the role that rapid strength plays in differentiating or predicting 

elders’ fall risks, other research inquired into the correlation of rapid strength characteristics 

with the previous or future falls. However, due to the varied study objectives, only one or two 

muscles were measured for the rapid torque characteristics (Bruyneel et al., 2018; Gafner et 

al., 2018; Gafner et al., 2020; Kamo et al., 2019; Morcelli, LaRoche, et al., 2016; Morcelli, 

Rossi, et al., 2016; Palmer et al., 2017). A few studies even reached contrasting conclusions 

regarding the capability of specific lower-limb muscles to differentiate older fallers and non-

fallers. Thus, the debate persisted on whether rapid strength parameters could distinguish the 

older people who had fall histories or had high fall risks. 
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A synthesis and critical appraisal of published articles on lower-limb muscle’s rapid and 

maximal strength characteristics is needed to provide more evidence which muscle 

characteristic can effectively identify the older adults who had fall histories or had high fall 

risks. To the best knowledge of the authors, none of the published review articles have focused 

on muscle rapid strength parameters in distinguishing older adults’ risks of falls.  

Given the above, the aim of this systematic review and meta-analysis was to answer the 

questions of: (1) whether the lower-limb rapid strength (including power, RTD, and RFD) could 

effectively identify the community-dwelling older people who fall histories or had high fall risks; 

and (2) which rapid strength parameter would show a better ability to quantify the fall risk. The 

identification of the essential lower-limb rapid strength parameters that can distinguish fall 

history and/or predict fall incidence is expected to facilitate the current physical function 

assessments for early detection of the older adults who are vulnerable to falls, which may 

potentially facilitate the early provision of relevant intervention to prevent falls. 

2.2.2 Methods 

2.2.2.1 Data source and search strategy 

The review protocol was pre-registered in the International Prospective Register of Systematic 

Reviews (PROSPERO, registration No.: CRD42021237091). Following the PRISMA 

guidelines, two reviewers (R.T.L.Z. and J.J.J.Z.) undertook the literature search and screening. 

A complete PRISMA flow chart illustrates the searching strategy and the screened results 

(Figure 2-1). 

To identify relevant studies, a three-step search strategy was employed (Ma et al., 2020). Step 

1 involved an initial scan of PubMed, where titles and abstracts were reviewed to pinpoint 

relevant keywords, e.g., “old” AND “fall risk” AND “power” AND “lower limb”. Step 2 was 

conducted by using all the identified keywords to search across six databases: the PubMed, 
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Web of Science, EMBASE, Scopus, CINAHL, and Cochrane CENTRAL. The truncation 

operators on keywords were used to widen the search, and the Boolean search operators 

were used to combine the keywords in this review. There were no restrictions on the publishing 

date. Searching alerts were created to monitor the publication of articles until 31 May 2023. In 

step 3, reference lists of the identified articles were looked through to find additional relevant 

studies. The above searching procedures were run first by one reviewer (R.T.L.Z.), and re-run 

by a separate reviewer (J.J.J.Z.) prior to the screening process. Forward citation tracking was 

conducted to identify any relevant studies that were published subsequent to the included 

studies. The corresponding authors were also contacted via e-mails for any accepted relevant 

articles.  

2.2.2.2 Study selection 

The inclusion criteria were studies involving: (1) adults chronologically aged 60 years or older 

living in the community with family or independently; (2) quantitative measurements of rapid 

strength, i.e., power (in the unit of Watt or Watt·kg-1), RTD (in the unit of Nm/s or Nm/s·kg-1), 

or RFD (in the unit of N/s, kgf/s, N/s·kg-1, or kgf/s·kg-1), of a single lower-limb muscle group or 

the whole lower-limb muscles; (3) evaluations of the retrospective fall history or the 

prospective fall incidence; and (4) effect measures indicating the comparisons (e.g., mean 

difference), associations (e.g., risk ratio [RR], odds ratio [OR], hazards ratio [HR]), or 

diagnostic accuracy. There was no restriction on the study design. Exclusion criteria were 

studies that: (1) focused on older people living in the institutional settings (e.g., nursing homes, 

hospitals), or older people with a specific neuromuscular, orthopedic, cardiopulmonary or 

cognitive disease (e.g., stroke, Parkinson's disease, multiple sclerosis, fractures, diabetic foot); 

(2) measured the rapid strength of the upper-limb or trunk muscle; (3) assessed the fall risks 

indirectly, i.e., not based on the previous fall history or future falls, such as via the comparison 

between older and young participants or via balance tests; or (4) were review articles, 
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conference papers, meeting reports (or proceedings), or not written in English. 

The three-step literature search identified 574 publications (see Figure 2-1). Based on the 

selection criteria, two reviewers (R.T.L.Z. and J.J.J.Z.) reviewed the titles and abstracts of 

these publications. Based on the identified abstracts, the full texts were further read based on 

the identified abstracts to screen the eligible articles.  

 

Figure 2-1. Flow chart of study identification and screening. 

 

2.2.2.3 Data extraction 

One reviewer (R.T.L.Z.) first extracted the information of study characteristics, participant 
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characteristics, testing conditions, and the values of rapid strength parameters. If data was 

unavailable in the main text, the supplemental materials were screened for relevant data. If 

data was not available in the supplemental materials, the reviewer (R.T.L.Z.) contacted the 

authors via e-mails. All the data was recorded on Excel (Microsoft Office 365) sheets. Another 

reviewer (K.J.L.) checked the documented data against the original text to ensure the input 

data was correct. 

2.2.2.4 Quality assessment 

The 14-item Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies 

was used to assess the methodological quality of each included study (National Heart Lung 

and Blood Institute, 2021). When one item was rated as “Yes”, it scored 1 point (Cunha et al., 

2019). The item was given 0 point if it was rated as “No”, “not reported” or “not applicable” 

(Cunha et al., 2019). The Grading of Recommendations, Assessment, Development and 

Evaluation (GRADE) approach was used to evaluate the quality of evidence regarding each 

lower-limb rapid strength parameter (Schünemann et al., 2019). 

Two reviewers (R.T.L.Z. and J.J.J.Z.) independently conducted the quality assessment. 

Disagreements over the rating results were first discussed between the two reviewers (R.T.L.Z. 

and J.J.J.Z.); if agreements persisted, a third reviewer (C.Z.H.M.) made the final decision.  

2.2.2.5 Data synthesis and analysis 

Meta-analysis was firstly conducted to pool the rapid strength parameters in various muscles 

and testing tasks to examine the overall effect of lower-limb rapid strength in identifying the 

older people’s fall history/risks, provided that two or more included studies had the same study 

design (Slimani et al., 2018; Torres-Costoso et al., 2020; Zhang et al., 2019). Then the meta-

analysis was conducted separately for each rapid strength parameter, if two or more included 

studies had the same study design and the similar testing conditions (Higgins et al., 2022). 
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Random-effects inverse-variance models were employed to pool the standardized mean 

differences (SMD), i.e., Hedges’ g, of rapid strength between two groups with different fall 

status in the Review Manager software (Version 5.4.1). Some studies detailed the rapid 

strength data in non-fallers (i.e., with no fall event), single fallers (i.e., with one fall event), and 

recurrent fallers (i.e., with two or more fall events). Meta-analysis was conducted separately 

to compare the lower-limb rapid strength in “fallers (single fallers + recurrent fallers) vs non-

fallers”, “single fallers vs non-fallers”, “recurrent fallers vs non-fallers”, and “recurrent fallers vs 

non-recurrent fallers (single fallers + non-fallers)”. The Cochrane’s formula was used to merge 

data from two participant groups into a single participant group, such as aggregating the data 

of single fallers and recurrent fallers into that of fallers (Higgins et al., 2022). The value of 

Hedges’ g indicates the effect size of “very small” (0-0.2), “small” (0.2-0.5), “medium” (0.5-0.8), 

and “large” (>0.8) (Cohen, 1992).  

2.2.3 Results 

2.2.3.1 Types and methodological quality of included studies 

This review encompassed twenty articles, all of which were observational studies. Eight of 

them were prospective cohort studies, and examined the relationship between lower-limb 

rapid strength and prospective falls (Atrsaei et al., 2021; Chan et al., 2007; Hsieh et al., 2023; 

Kemoun et al., 2002; Kera et al., 2020; Parsons et al., 2020; Porto et al., 2022; Winger et al., 

2023). The remaining 12 cross-sectional studies measured the rapid strength among the older 

adults who had fall histories in contrast to those who did not.  

The methodological quality evaluation indicated a generally moderate risk of bias for the 

included studies across the studies included, with scores ranging from 3 to 12 points (mean: 

7.55 points; median: 7 points; full score: 14 points). The criteria of “clear statement of research 

question” (item 1; N = 20), “clearly defined exposure measures” (item 9; N = 20), and “clearly 
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defined outcome measures” (item 11; N = 20) were met by all the included studies. Most 

studies clearly specified the characteristics of study participants (item 2; N = 18), applied the 

uniform eligibility criteria during participant recruitment (item 4; N = 17), examined the 

relationships between different levels of exposures and outcomes (item 8; N = 13), and 

adjusted for the impact of key confounders (e.g., sex, height, weight) on the exposure-outcome 

relationship (item 14; N = 12). High risk of bias commonly existed in the items of “exposure 

measured before outcome” (item 6; N = 8), “sufficient timeframe” (item 7; N = 8), “participation 

rate” (item 3; N = 6), “follow-up rate” (item 13; N = 5), “sample size justification” (item 5; N = 

5), “assessors blinded” (item 12; N = 1), and “exposure assessed more than once” (item 10; 

N = 0). 

2.2.3.2 Participants’ demographics and fall status 

A total of 8,231 older adults were involved (Table 2-1). The sample sizes in the included 

studies varied from 15 (Palmer et al., 2015) to 5,995 (Chan et al., 2007). The mean age of the 

older people for each included study spanned from 66 to 80 years. The male to female ratio 

of the included participants was approximately 6:1. All the included older participants lived in 

the community and/or lived independently (99.15%) or were specified as healthy (0.85%).   

Older fallers (n = 2,058) accounted for approximately 1/4 of all the included older participants 

(Table 2-1). Regarding the definition of “fall”, 13 studies clearly defined it as the event that 

resulted in a person coming to rest unintentionally on the ground or other lower level (Bento 

et al., 2010; Cheng et al., 2014; Crozara et al., 2016; Crozara et al., 2013; Dietzel et al., 2015; 

Ejupi et al., 2017; Kemoun et al., 2002; Palmer et al., 2015; Porto et al., 2022; Ribeiro et al., 

2012; Skelton et al., 2002), while the other studies did not outline the definition. As the study 

designs of the included studies varied, “fallers” in this review referred to participants with fall 

event(s) that happened either before or after the measurement of lower-limb rapid strength. 
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The eight prospective cohort studies monitored the future fall incidence via the researchers’ 

monthly telephone calls with participants (Porto et al., 2022) or researchers’ questionnaires 

tri-annually (Chan et al., 2007) or triennially (Winger et al., 2023), the participants’ monthly 

calendar records (Atrsaei et al., 2021; Hsieh et al., 2023) or yearly recalls (Kera et al., 2020; 

Parsons et al., 2020; Winger et al., 2023), or both the participants’ dairy records and the 

researchers’ bimonthly telephone calls (Kemoun et al., 2002). The follow-up period was within 

1 year (Atrsaei et al., 2021; Hsieh et al., 2023; Kemoun et al., 2002; Kera et al., 2020; Porto 

et al., 2022), 2 years (Parsons et al., 2020), 4.5 years (Chan et al., 2007), or 9 years (Winger 

et al., 2023). The remaining cross-sectional studies retrospectively evaluated the fall histories 

in older participants, and defined “fallers” as participants experiencing at least one fall in the 

past one year (Bento et al., 2010; Cheng et al., 2014; Crozara et al., 2016; Crozara et al., 

2013; Dietzel et al., 2015; Ejupi et al., 2017; Kamo et al., 2019; Perry et al., 2007), at least 

three falls in the past one year (LaRoche et al., 2010; Skelton et al., 2002), or at least one fall 

in the past six months (Ribeiro et al., 2012).  

2.2.3.3 Testing tasks and equipment for measurement of lower-limb rapid 

strength 

Older adults’ rapid strength has been evaluated in the diverse tests regarding a single lower-

limb muscle group and regarding the whole lower-limb muscles. (Table 2-1). More details on 

the testing tasks and devices are described as follows: 

Strength tests for a single lower-limb muscle group 

Eight included studies evaluated older fallers and older non-fallers’ rapid strength of a single 

lower-limb muscle group. The maximal voluntary isometric contraction (MVIC) tasks were the 

most frequently used (Bento et al., 2010; Crozara et al., 2013; Kamo et al., 2019; LaRoche et 

al., 2010; Palmer et al., 2015; Porto et al., 2022), followed by the isokinetic (Crozara et al., 

2016) and the submaximal concentric contraction tasks (Ribeiro et al., 2012). The measuring 
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devices involved dynamometers, load cells or force sensors. Participants were instructed to 

exert force or accomplish a certain joint motion both as hard and as fast as possible. Almost 

all the major lower-limb muscle groups have been evaluated, including hip flexors/extensors 

(Bento et al., 2010; Palmer et al., 2015; Porto et al., 2022), hip abductors/adductors (Bento et 

al., 2010; Porto et al., 2022), knee flexors/extensors (Bento et al., 2010; Crozara et al., 2013; 

Kamo et al., 2019; LaRoche et al., 2010; Porto et al., 2022), ankle dorsiflexors/plantarflexors 

(Bento et al., 2010; Crozara et al., 2013; LaRoche et al., 2010; Porto et al., 2022). The RTD 

parameters were analyzed during the MVIC tasks, while the average power was measured 

during the isokinetic and the submaximal concentric contraction tasks. 

One study also evaluated the lower-limb joint power during the favored-paced walking tasks 

in fallers vs non-fallers (Kemoun et al., 2002). Participants were instructed to walk at their self-

selected pace, and the three-dimensional motion capture system with cameras and force 

plate(s) was used to capture the kinematic and kinetic data. Based on the inverse dynamics, 

the hip/knee/ankle joint power in a gait cycle was estimated. Noted that the term, “joint power”, 

was frequently used in gait analysis. It was the product of the net torques about a joint and the 

angular velocity of the joint (Richards, 2018). Therefore, the joint power involves the 

contributions of the muscle power of multiple muscle groups that cross the joint (Neil J. Cronin 

et al., 2013). 

Strength tests for the whole lower-limb muscles 

Older people’s rapid strength of the entire lower limb(s) was evaluated during the leg-press 

tasks, sit-to-stand tasks, stand-to-sit tasks, and jumping tasks. During the leg-press task, the 

Nottingham Power Rig was used to measure the average power of leg extensors as the 

participant was instructed to push the pedal down as hard and fast as possible using one leg 

(Chan et al., 2007; Hsieh et al., 2023; Perry et al., 2007; Skelton et al., 2002; Winger et al., 
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2023). During the sit-to-stand task, a force plates (Cheng et al., 2014; Dietzel et al., 2015; 

Kera et al., 2020) or wearable accelerometer (Atrsaei et al., 2021; Ejupi et al., 2017) was used 

to measure the peak/minimum/average power or the rate of ground reaction force 

development (RFD). Participants were instructed to stand up until reaching the full knee 

extension, without any help from their hands or arm support during the movement. In addition, 

one study analyzed the power parameters of lower-limb muscles during the stand-to-sit 

process when the participant was performing the five-time sit-to-stand test (Atrsaei et al., 

2021). During the jumping test, the peak power was evaluated in older adults as they were 

instructed to stand on the force plate, bend knees, swing arms, and jump as high as possible 

(Dietzel et al., 2015; Parsons et al., 2020). 

2.2.3.4 Rapid strength parameters to predict the fall risks 

Six included prospective cohort studies were eligible for the meta-analysis of overall lower-

limb rapid strength (Figure 2-2). The synthesized result of various lower-limb muscles in 

various testing tasks showed that older adults with future fall incidences had significantly 

smaller lower-limb rapid strength at baseline than those without future fall incidences (SMD = 

-0.21, I² = 0%). For each individual rapid strength parameter, the meta-analysis result showed 

that the average leg-press power was significantly smaller at baseline in fallers than non-fallers 

(SMD = -0.17, I² = 0%; see Figure 2-3).  

Apart from the comparisons of rapid strength in fallers and non-fallers, predictive models were 

used to examine the causal associations between the lower-limb rapid strength and the 

prospective fall incidence. There was moderate quality of evidence regarding the associations 

between the future fall incidence and the average leg-press power, sit-to-stand power 

parameters, or stand-to-sit power parameters (see Table 2-2). By using generalized 

estimating equations, older men with the larger average leg-press power were found to have 
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lower fall risks during a follow-up period of 4.5 years (Chan et al., 2007) and lower risks of 

injurious falls over a follow-up period of 9 years (OR = 1.19, 95% CI: 1.12-1.26) (Winger et al., 

2023). In contrast, by using the logistic regression model, Hsieh et al. (2023) observed no 

significant association between the average leg-press power and the fall incidence during a 

follow-up duration of 12 months. By using logistic regression models that adjusted for sex, 

height and BMI, Atrsaei et al. (2021) demonstrated that the peak power value and the minimum 

power value in the sit-to-stand task could significantly predict the prospective fall incidences 

within the ensuing 12 months, but these power parameters during the stand-to-sit task could 

not. In addition, the diagnostic accuracy of the peak sit-to-stand power in differentiating older 

fallers from older non-fallers was analyzed (AUC = 0.62), although such discriminative ability 

was unsatisfactory.  

There was low quality of evidence regarding the associations between the future fall incidence 

and the peak jumping power, the rate of ground reaction force (RFD) in the sit-to-stand test, 

or the RTD of a single lower-limb muscle group (see Table 2-2). By using the logistic 

regression model, Parsons et al. (2020) found that the greater peak jumping power indicated 

the decreased odds of falls (OR = 0.91, 95% CI: 0.85-0.98), while Porto et al. (2022) reported 

that none of the RTD values of the hip, knee, or ankle muscles during the MVIC task could 

significantly predict the future falls within a follow-up duration of 2 years. Using the Cox 

proportional hazards regression analysis, Kera et al. (2020) revealed that the RFD value 

during the sit-to-stand task was unable to significantly predict the future fall incidence within 

the ensuing 1 year. Regarding the favored-paced walking task, very low quality of evidence 

suggested that there was no notable difference in the estimated peak power at the hip, knee, 

or ankle joint at baseline between people with and without future fall incidence within the 1-

year follow up (Kemoun et al., 2002) (see Table 2-2). 
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2.2.3.5 Rapid strength parameters to identify the fall history 

All the included cross-sectional studies were eligible for the meta-analysis of overall lower-

limb rapid strength (Figure 2-2). The synthesized rapid strength value of various lower-limb 

muscles in various testing tasks could significantly differentiate older fallers vs non-fallers 

(SMD = -0.41, I² = 0%), recurrent fallers vs non-recurrent fallers (SMD = -0.36, I² = 0%), and 

recurrent fallers vs non-fallers (SMD = -0.40, I² = 0%). There was no significant difference in 

overall lower-limb rapid strength in recurrent fallers vs single fallers or in single fallers vs non-

fallers (see Figure 2-2). 

For each rapid strength parameter (Figure 2-3), older fallers had significantly smaller values 

than non-fallers in the peak sit-to-stand power (SMD = -0.58, I² = 62%) and the average leg-

press power (SMD = -0.49, I² = 0%). Generally, the RTD of a single lower-limb muscle group 

during the MVIC task could not significantly identify the community-dwelling older adults who 

had fall histories, except that the RTD of knee flexors could differentiate fallers from non-fallers 

(SMD = -0.57, I² = 0%) and the RTD of knee extensors could differentiate recurrent fallers from 

single fallers (SMD = -0.69, I² = 0%). 

Effect size and quality of evidence for each lower-limb rapid strength parameter (including that 

was unavailable for meta-analysis) were listed in Table 2-3. Regarding the various rapid 

strength parameters to identify the fall history in older adults, the quality of evidence ranged 

from very low to low. The sample size concerning a lower-limb rapid strength parameter was 

commonly small and less than 400, which caused the “imprecision” and downgraded the 

quality of evidence. 
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Figure 2-2. Meta-analysis for the comparison of overall lower-limb rapid strength in older fallers vs non-

fallers, recurrent fallers vs non-recurrent fallers, recurrent fallers vs non-fallers, recurrent fallers vs single 

fallers, and single fallers vs non-fallers.  

( : the SMD with 95% confidence intervals; RTD: rate of torque development; MVIC: maximal voluntary 

isometric contraction; N: number of studies.) 
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Figure 2-3. Meta-analysis for the comparison of each lower-limb rapid strength parameter in older fallers 

vs non-fallers, recurrent fallers vs non-recurrent fallers, recurrent fallers vs non-fallers, recurrent fallers vs 

single fallers, and single fallers vs non-fallers.  

( : the SMD with 95% confidence intervals; RTD: rate of torque development; MVIC: maximal voluntary 

isometric contraction; N: number of studies; n: pooled sample size.) 
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2.2.4 Discussion 

This systematic review and meta-analysis represent the first attempt to consolidate evidence 

concerning the ability of quantitative measurements of lower-limb rapid strength (power, RTD, 

and RFD) during muscle strength tests, sit-to-stand/stand-to-sit task, jumping task, and 

walking task in identifying the history of falls and/or the fall risks in community-dwelling older 

people. Overall, the lower-limb rapid strength could predict older adults’ fall risks and was 

generally able to identify their different fall histories. Specifically, moderate quality of evidence 

showed that the average leg-press power and the peak sit-to-stand power could predict the 

fall risks, and low quality of evidence showed that the peak sit-to-stand power could identify 

the fall history. These synthesized findings can support the application of lower-limb power 

measurement for early detection of older people who are prone to falls, and may provide 

insights on the corresponding fall-prevention intervention for future practices. 

2.2.4.1 Methodological quality of the included studies 

The included studies showed generally moderate methodological quality. Most studies have 

attempted to improve the validity when examining the relationships between lower-limb rapid 

strength and falls among older people. They usually reported detailed characteristics of 

participants, used uniform eligibility criteria when recruiting older fallers and older non-fallers, 

and adjusted potential confounding factors (e.g., age-matched fallers and non-fallers, adjusted 

regression analysis). However, most included studies had the issues of adopting cross-

sectional designs, and they had no sufficient long timeframes to show the causality between 

the lower-limb rapid strength and fall risks. The unjustified sample size, the convenience 

sampling method, and the retrospective evaluation of fall history (which was prone to recall 

bias) in most included studies were also the factors compromising the overall methodological 

quality. 
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2.2.4.2 Evidence on parameters to predict older adults’ fall risks 

The current evidence of this review supported that the power parameters of whole lower-limb 

muscles instead of the RTD parameters of a single lower-limb muscle group could predict the 

fall risks in community-dwelling older adults. Possible explanations for this difference are as 

follows. 

Effects of the sample size and the follow-up duration for tracking prospective falls may need 

to be primarily considered. An example was that more than 5,000 older participants were 

followed up for 4.5 years (Chan et al., 2007) and 9 years (Winger et al., 2023) after the baseline 

measurement of average leg-press power, while only 100 older participants were followed up 

for 1 year after the measurements of RTD values in single lower-limb muscle groups (Porto et 

al., 2022). As fewer fall events and participants were tracked, the latter was more prone to the 

imprecision in effect estimates (i.e., larger confidence interval) than the former, which may be 

a reason of why the RTD of a single lower-limb muscle group could not significantly predict 

the fall incidence. 

The effect size of a lower-limb rapid strength parameter in fall prediction may also be 

influenced by the measured muscles (the whole lower-limb muscles vs the single lower-limb 

muscle group), the nature of testing task (concentric vs eccentric), and the type of parameter 

(power vs RTD or RFD). Firstly, the leg-press task, sit-to-stand task, and jumping task all 

demand the contractions of multiple lower-limb muscle groups. Apart from the cumulative force 

exertions of multiple leg extensors (i.e., hip extensors, knee extensors, and ankle 

plantarflexors), these tasks may also require the coordinated contractions of other more leg 

muscles for postural balance, such as the co-contraction of ankle dorsiflexors and 

plantarflexors to stabilize the body position after standing from the chair (Atrsaei et al., 2021; 

Cheng et al., 2014). This may explain why they showed better abilities in detecting the older 
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adult’s fall risks than the rapid strength measurement in a single muscle group. Secondly, the 

lower-limb rapid strength evaluated in the concentric contraction tasks appeared to be more 

sensitive to the fall risks in older adults. The capability of quickly generating adequate force is 

essential for the task demanding concentric strength to accelerate body segments and 

overcome gravity (Atrsaei et al., 2021; Parsons et al., 2020). For those requiring the eccentric 

control (e.g., stand-to-sit task) or those not demanding the rapid force generation (e.g., 

favored-paced walking), older adults could therefore demonstrate the similar lower-limb rapid 

strength values even if they had different fall risks (Atrsaei et al., 2021; Baltasar-Fernandez et 

al., 2021; Kemoun et al., 2002). Thirdly, even in the same sit-to-stand task, the peak power 

and the rate of ground reaction force development (RFD) have shown opposite abilities in fall 

prediction (Atrsaei et al., 2021; Kera et al., 2020). Although the two parameters both reflect 

the capability of explosive force generation, their definitions are different. The former was the 

largest rate of energy generated by lower-limb muscles, while the latter was the rate of force 

generated by lower-limb muscles. Nevertheless, it remains unclear why the peak power rather 

than the RFD during the sit-to-stand task could predict the fall risks in older adults. Further 

evidence is warranted.  

In summary, via a single functional task that involves the coordination of multiple lower-limb 

muscles and/or the postural balance control, the power measurement was able to detect the 

community-dwelling older adults’ fall risks. This is promising, as a single conventional test for 

physical function assessment (e.g., the BBS or the TUG test), has usually shown insufficient 

ability in identifying fall risks (Lima et al., 2018; Omana et al., 2021; Schoene et al., 2013). 

Nevertheless, the peak sit-to-stand power, average leg-press power, and peak jumping power 

all showed small effect sizes in predicting the fall risks in older adults (Table 2-2). Future 

studies may be warranted to examine whether the combination of some tests for lower-limb 

power was better in fall risk prediction. 
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2.2.4.3 Evidence on parameters to identify older adults with fall history 

Community-dwelling older fallers, especially recurrent fallers, had a greater decline in the 

overall lower-limb rapid strength than non-fallers (Figure 2-2). A previous meta-analysis 

reported that the lower-limb maximal strength was the fall-risk factors among the community-

dwelling adults and the effect size was small (OR = 1.66, 95% CI: 1.20–2.29) (Moreland et al., 

2004). Our meta-analysis result further indicated that older adults who had fall histories could 

also exhibit impaired ability of quickly generating adequate force in lower-limb muscles, and 

the overall lower-limb rapid strength showed a similar small effect size in differentiating fallers 

from non-fallers. Specifically, single fallers appeared to have no significant difference in the 

overall lower-limb rapid strength in contrast to recurrent faller or single fallers. One possible 

reason was that only two included studies with small sample sizes reported rapid strength data 

of the single faller group, and the difference in rapid strength in single fallers vs recurrent 

fallers or in single fallers vs recurrent fallers did not reach the statistically significant level. The 

other possible reason was that the older adults with only one previous fall may not indicate 

their poorer physical function or poorer balance capability, as those with two or more previous 

falls were more prone to future falls (Fabre et al., 2010).  

Among the various rapid strength parameters, the peak sit-to-stand power showed the higher 

quality of evidence in differentiating older fallers from non-fallers although the heterogeneity 

was large (Table 2-2). Factors like the chair height, using the arms or not, and the instruction 

to participants may affect the performance of the sit-to-stand test (Watt et al., 2018). There 

were also diversities in the types of devices in measuring the power (force plates vs. 

accelerometer). The power measured by the force plate was calculated as the result of the 

vertical ground reaction force multiplied by the vertical velocity (Cheng et al., 2014; Dietzel et 

al., 2015), while that measured by the accelerometer was derived from the vertical net force 

(ground reaction force minus gravity) multiplied by the vertical velocity (Ejupi et al., 2017). 
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These factors may explain the large between-study heterogeneity of this meta-analysis. A 

previous systematic review found that the five times sit-to-stand test time (cut-off point: 12 

seconds) could predict the community-dwelling older people’s fall risks (Lusardi et al., 2017). 

In the current meta-analysis, it provided additional kinetic evidence to support the ability of the 

sit-to-stand performance to distinguish fall history.  

Rapid strength parameters of the entire lower limb(s) and of a single lower-limb muscle group 

appeared to have different abilities in identifying the older adult’s fall history (Figure 2-3). 

There was a clear trend for the RTD of a single lower-limb muscle group to be lower in the 

fallers than non-fallers, but this reached statistical significance only in knee flexors and knee 

extensors. By contrast, the peak sit-to-stand power and the average leg-press power were 

able to differentiate older fallers from older non-fallers. This underscores the cumulative effect 

of the relatively small force decrements across the individual muscles, which could result in 

the decline of entire lower-limb rapid strength required for functional movements (Perry et al., 

2007). Measuring the rapid strength of entire lower limb(s) rather than a single lower-limb 

muscle group seemed more effective to distinguish the older fallers from non-fallers.  

2.2.4.4 Impact and recommendations for future clinical practice 

Suggestions for rapid strength measurement to assess fall risks 

Measurement of lower-limb power seems necessary to be incorporated into the routine 

physical function assessment for detecting the community-dwelling older people who had high 

fall risks. This systematic review and meta-analysis have supported that the evaluation of the 

entire lower-limb power could be used to identify older adults who had fall histories or had high 

future fall risks. Specifically, moderate quality of evidence has indicated that the average leg-

press power and the peak sit-to-stand power can predict older adults’ future falls. Quantitative 

measurement of the entire lower-limb power during the leg-press test or the instrumented sit-
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to-stand test is therefore worthy of being promoted. It is expected to complement the current 

physical function assessments in clinical practice, such as the TUG test and the timed sit-to-

stand test (CDC, 2019), and facilitate early detection of fall risks in older adults, especially in 

those community-dwelling ones with relatively good health. 

Implications on future fall-prevention or intervention programs 

Given that older people with a fall history or higher fall risks had generally poorer lower-limb 

power, relevant exercises should be prescribed to reduce the decline in older adults’ muscle 

power and fall incidences. High-velocity resistance training, or power training, has been 

proposed as a more promising stimulus for improving older adults’ physical performance (e.g., 

sit-to-stand time, walking speed) in contrast with the traditional resistance training (Daly, 2010). 

Based on a recent meta-analysis, there has been moderate-certainty evidence supporting that 

the balance and functional exercises (gait, balance, coordination, and functional task training) 

plus resistance exercises (resistance/power training) can reduce fall incidences among the 

community-dwelling older people by 34% compared with no exercise (Sherrington et al., 2019). 

Findings of this study could underscore the importance of encouraging older adults to 

participate in functional exercises for improving the entire lower-limb power to prevent falls.  

2.2.4.5 Perspectives and outlook for future research 

It is hard to recommend a cut-point value of lower-limb power to stratify the community-

dwelling older people’s fall risks, based on the current evidence. Although the peak sit-to-stand 

power and the average leg-press power have shown small effect sizes to identify older adults 

with a fall history or higher fall risks, only one included study conducted the diagnostic 

accuracy analysis (Atrsaei et al., 2021). Knowing the cut-point values can facilitate the 

judgement and more accurate stratification of fall risks in clinical practice. Future research is 

warranted to investigate the diagnostic accuracy (e.g., sensitivity, specificity, area under the 
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curve) of lower-limb power parameters in fall-risk differentiation.  

More portable devices with the real-time rapid strength values displayed can be developed to 

facilitate the clinician’s judgement on an older client’s risk of falls. Portable force plates  (Kera 

et al., 2020) or wearable motion sensors (Atrsaei et al., 2021; Ejupi et al., 2017) have been 

popular in the rapid strength measurement (Table 2-1). They provide a convenient and 

continuous monitoring of lower-limb rapid strength, making the evaluation not confined to 

location and time. Such tools may thus be quite useful for the long-term prediction of fall risks 

in a wider older population. However, most of these portable devices have no real-time display 

of the rapid strength values to inform the clinicians or the clients. A more uniform standard on 

the raw data processing is expected to be reached so that a relatively standardized algorithm 

to calculate the rapid strength value can be included in the testing devices.  

2.2.5 Limitations 

There are some limitations for this systematic review and meta-analysis. Firstly, as only 

English articles were finally included, some relevant studies written in other languages might 

have been excluded. Secondly, this review involved only the community-dwelling older adults 

with relatively good health. Our results may not be broadly applicable to other older 

populations, such as individuals who live in nursing homes or have multiple comorbidities. 

Thirdly, when synthesizing the effect size of overall lower-limb rapid strength, the meta-

analysis aggregated the rapid strength measurements of multiple muscles within a study. This 

method presumed that the measurements in separate muscles were independent of each 

other. If positive correlations existed, this method may have overestimated the precision of 

effect (Borenstein et al., 2021). Finally, the associations between lower-limb rapid strength 

parameters and falls are unavoidably affected by some confounding factors. The causes of 

falls are multifactorial. Some factors such as the environmental factors have hardly been 
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adjusted in the regression models. This may partly explain why the power parameters have 

shown small effect sizes in detecting fall risks. Therefore, the quantitative measurement of 

lower-limb power alone cannot provide a full picture to identify the high fall risks in older adults. 

2.2.6 Conclusion 

This systematic review and meta-analysis examined whether the overall lower-limb rapid 

strength and the various rapid strength parameters (power, RTD, and RFD) of lower-limb 

muscles could effectively identify the community-dwelling adults with the fall history/fall risks. 

The overall lower-limb rapid strength could distinguish the fall history in older adults. 

Specifically, the average leg-press power and the peak sit-to-stand power could effectively 

predict the fall risks as well as distinguish the fall history, while the RTD of a single lower-limb 

muscle group could occasionally distinguish the older adults who had fall histories but could 

not predict the older adults’ future fall risks. These findings suggest the need of incorporating 

the lower-limb power measurement into the routine physical function assessment to identify 

the older adults with higher fall risks early. Further investigations on the diagnostic accuracy 

of the lower-limb power parameters in fall-risk identification are needed to facilitate the clinical 

practice. 
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Table 2-1. Characteristics of included articles (N = 20). 

Author (year) / 

Study design 

Definition of 

fallers 
Group 

Sample 

size 

Male/ 

Female  

Age (year, 

mean ± SD) 
Device Task Rapid strength parameter 

Atrsaei et al. (2021) 

Prospective cohort 

≥ 2 falls or 1 

injurious fall in 

future 12 months 

NF 350 163/187 74.9±1.4 

Accelerometer 
Five-time Sit-to-

stand test 

Peak, minimum, and average power value by 

multiplying acceleration, body mass and velocity. F 108 35/73 74.7±1.4 

Bento et al. (2010) 

Cross-sectional 

≥ 1 fall(s) in past 

12 months 

NF 13 0/13 67.6±7.5 

Load cell MVIC RTD from the 20% to 80% of peak torque. SF 8 0/8 66.0±4.9 

RF 10 0/10 67.8±8.8 

Chan et al. (2007) 

Prospective cohort 

≥ 1 fall(s) in 

future 4.5 years 

NF 

5995 5995/0 73.7±5.9 
Nottingham 

power rig 
Leg press 

Average power value calculated based on the final 

angular velocity of the power rig flywheel. The 

largest power of nine repetitive trials was used. 
F 

Cheng et al. (2014) 

Cross-sectional 

≥ 1 fall(s) in past 

12 months 

NF 35 23/12 75.2±6.4 

Force plate Sit-to-stand test 

Peak power value by multiplying the vGRF and 

the vertical upward velocity of center of body 

mass. 
F 35 22/13 77.5±7.8 

Crozara et al. (2013) 

Cross-sectional 

≥ 1 fall(s) in past 

12 months 

NF 22 0/22 66.1±6.1 Isokinetic 

dynamometer 
MVIC 

RTD over 0-50, 50-100, 100-150, and 150-200 ms  

(onset: 5% of peak torque). F 21 0/21 69.6±7.2 

Crozara et al. (2016) 

Cross-sectional 

≥ 1 fall(s) in past 

12 months 

NF 23 0/23 66.0±6.0 Isokinetic 

dynamometer 

Isokinetic 

contraction 

Average power value by multiplying the mean 

torque and the angular velocity. F 22 0/22 70.0±7.0 

Dietzel et al. (2015) 

Cross-sectional 

≥ 1 fall(s) in past 

12 months 

NF 246 131/115 71.4±7.3 

Force plate 
1) Jumping;  

2) Sit-to-stand test 

Peak power value by multiplying vGRF and 

vertical upward velocity of center of body mass. F 47 16/31 74.2±7.5 

        Continued on next page. 
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Author (year) / 

Study design 

Definition of 

fallers 
Group 

Sample 

size 

Male/ 

Female  

Age (year, 

mean ± SD) 
Device Task Rapid strength parameter 

Ejupi et al. (2017) 

Cross-sectional 

≥ 1 fall(s) in past 

12 months 

NF 60 

64/30 79.9±6.5 Accelerometer Sit-to-stand test 
Peak power value by multiplying acceleration, 

body mass and velocity. F 34 

Hsieh et al. (2023) 

Prospective cohort 

≥ 1 fall(s) in 

future 12 months 

NF 63 

64/60 

72.4±6.3 
Nottingham 

power rig 
Leg press 

Average power value calculated based on the final 

angular velocity of the power rig flywheel. The 

largest power of ten repetitive trials was used. 
F 61 73.6±5.9 

Kamo et al. (2019) 

Cross-sectional 

≥ 1 fall(s) in past 

12 months 

NF 88 45/43 71.3±4.7 

Hand-held 

dynamometer 
MVIC 

RTD over 0-200 ms  

(onset: 4 Nm). 

SF 24 13/11 71.2±3.7 

RF 10 4/6 71.4±2.9 

Kemoun et al. (2002) 

Prospective cohort 

≥ 1 fall(s) in the 

future 12 months 

NF 38 26/12 

66.7±4.9 
Motion capture 

system 

Favored-paced 

walking 

Peak or minimum power value of a joint in a gait 

cycle. F 16 12/4 

Kera et al. (2020) 

Prospective cohort 

≥ 2 falls in future 

12 months 

NF 433 170/263 72.3±6.0 

Force plate Sit-to-stand test 
Rate of vGRF development between the onset of 

sit-to-stand motion and the peak force. F 23 11/12 72.7±6.7 

LaRoche et al. (2010) 

Cross-sectional 

≥ 3 falls in past 

12 months 

NF 12 0/12 71.2±6.2 Isokinetic 

dynamometer 
MVIC 

The largest value of RTDs calculated for every 50 

ms from onset (0.5 Nm) to 200 ms. F 11 0/11 71.3±5.4 

Palmer et al. (2015) 

Cross-sectional 

≥ 1 fall(s) in past 

12 months 

NF 9 0/9 71.4±7.0 

Load cell MVIC 
RTD over 0–50 ms (onset: 4 Nm) and 100–200 

ms. F 6 0/6 72.7±6.9 

Parsons et al. (2020) 

Prospective cohort 

≥ 1 fall(s) in 

future 2 years 

NF 129 

/ 75.1±2.5 Force plate Jumping Peak power value. 

F 40 

        Continued on next page. 
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Author (year) / 

Study design 

Definition of 

fallers 
Group 

Sample 

size 

Male/ 

Female  

Age (year, 

mean ± SD) 
Device Task Rapid strength parameter 

Perry et al. (2007) 

Cross-sectional 

≥ 1 fall(s) in past 

12 months 

NF 44 15/29 75.9±0.6 
Nottingham 

power rig 
Leg press 

Average power value calculated based on the final 

angular velocity of power rig flywheel. The largest 

power of at least six repetitive trials was used. 
F 34 4/30 76.4±0.8 

Porto et al. (2022) 

Prospective cohort 

≥ 1 fall(s) in 

future 12 months 

NF 72 19/53 66.7±4.5 Isokinetic 

dynamometer 
MVIC 

RTD over 30-80 ms, 200-250 ms (onset: 5% of 

peak torque). F 28 4/24 69.8±5.7 

Ribeiro et al. (2012) 

Cross-sectional 

≥ 1 fall(s) in past 

6 months. 

NF 15 0/15 70.6±6.8 
Extension 

machine + 

potentiometer 

Concentric 

contraction 

Power of knee extensors calculated from the force 

obtained in 1-RM test, lever arm, and angular 

displacement (not specifying peak or average 

power) 

F 11 0/11 68.5±4.3 

Skelton et al. (2002) 

Cross-sectional 

≥ 3 falls in past 

12 months 

NF 15 0/15 74.0±6.3 

Nottingham 

power rig 
Leg press 

Average power value calculated based on the final 

angular velocity of the power rig flywheel. The 

largest power of at least six repetitive trials was 

used. 

F 20 0/20 74.5±5.7 

Winger et al. (2023) 

Prospective cohort 

≥ 1 injurious 

fall(s) in future 9 

years 

NF 3088 

5178/0 

72.9±5.6 
Nottingham 

power rig 
Leg press 

Average power value calculated based on the final 

angular velocity of the power rig flywheel. The 

largest power of ten repetitive trials was used. 
F 2090 74.0±5.8 

Note: F: fallers; NF: non-fallers; SF: single fallers, i.e., older people experiencing one fall; RF: recurrent fallers, i.e., older people experiencing two or more falls. SD: standard deviation. RTD: rate 

of torque development; RFD: rate of force development; vGRF: vertical ground reaction force; RM: repetition maximum.
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Table 2-2. Summary of effect size and quality of evidence for each rapid strength parameter in identifying fall risks. 

Lower-limb power, RTD, or RFD parameter 
Effect measure and size  

[95% CI] 

No. of 

studies 

Study 

design 

Factors downgrading quality 

Factors 

upgrading 

quality 

Overall quality of 

evidence Risk of bias Inconsistency Indirectness Imprecision 
Publication 

bias 

Average leg-press power * 

Pooled SMD: 

-0.17 [-0.23, -0.12] 

RR: 

Quartile 1: 1.00 Reference 

Quartile 2: 0.88 [0.81, 0.97] 

Quartile 3: 0.86 [0.77, 0.95] 

Quartile 4: 0.82 [0.73, 0.92] 

3 -2 (No RCT) No No No No NA 

+1 (Dose-

response 

gradient) 

⊕⊕⊕○ 

Moderate 

 

Peak sit-to-stand power * 

Minimum sit-to-stand power * 

Average sit-to-stand power 

Normalized peak sit-to-stand power * 

Peak stand-to-sit power 

Minimum stand-to-sit power 

Average stand-to-sit power 

Normalized peak stand-to-sit power 

Cohen’s d: 

0.41 

0.40 

0.08 

0.38 

0.28 

0.19 

0.07 

0.25 

1 -2 (No RCT) No No No No NA 

+1 (Dose-

response 

gradient) 

⊕⊕⊕○ 

Moderate 

 

Peak jumping power * 

OR: 

0.91 [0.85, 0.98] 
1 -2 (No RCT) No No No 

-1 (Sample 

size < 400) 
NA 

+1 (Dose-

response 

gradient) 

⊕⊕○○ 

Low 

Continued on next page. 
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Lower-limb power, RTD, or RFD parameter 
Effect measure and size  

[95% CI] 

No. of 

studies 

Study 

design 

Factors downgrading quality Factors 

upgrading 

quality 

Overall quality of 

evidence Risk of bias Inconsistency Indirectness Imprecision 
Publication 

bias 

RFD of entire lower limbs  

during the sit-to-stand task 

SMD: 

-0.33 [-0.75, 0.09] 
1 -2 (No RCT) No No No No NA None 

⊕⊕○○ 

Low 

 

RTD of hip flexors during MVIC task 

RTD of hip extensors during MVIC task 

RTD of hip abductors during MVIC task 

RTD of hip adductors during MVIC task 

RTD of knee flexors during MVIC task 

RTD of knee extensors during MVIC task 

RTD of ankle dorsiflexors during MVIC task 

RTD of ankle plantarflexors during MVIC task 

OR: 

0.80 [0.40, 1.58] 

0.77 [0.33, 1.82] 

1.00 [0.26, 3.80] 

1.15 [0.34, 3.94] 

0.41 [0.07, 2.22] 

0.99 [0.59, 1.68] 

1.35 [0.34, 5.25] 

0.82 [0.13, 4.90] 

1 -2 (No RCT) No No No 
-1 (Sample 

size < 400) 
NA 

+1 (Dose-

response 

gradient) 

⊕⊕○○ 

Low 

Minimum hip joint power 

during the favored-paced walking test 

Minimum knee joint power 

during the favored-paced walking test 

Peak ankle joint power 

during the favored-paced walking test 

Median Difference 1 -2 (No RCT) No No No 
-1 (Sample 

size < 400) 
NA None 

⊕○○○ 

Very low 

Note: The quality of evidence was rated based on the Grading of Recommendations, Assessment, Development and Evaluation (GRADE) criteria. * indicates the parameter could significantly 

predict the fall risks. RTD: rate of torque development; RFD: rate of ground reaction force development; MVIC: maximal voluntary isometric contraction; RM: repetition maximum; RCT: 

randomized controlled trial. 
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Table 2-3. Summary of effect size and quality of evidence for each rapid strength parameter in identifying fall histories. 

Lower-limb power, RTD, or RFD parameter 
Effect measure and size  

[95% CI] 

No. of 

studies 

Study 

design 

Factors downgrading quality Factors 

upgrading 

quality 

Overall quality of evidence 

Risk of bias Inconsistency Indirectness Imprecision 
Publication 

bias 

 

Peak sit-to-stand power * 

Pooled SMD: 

-0.58 [-0.96, -0.20] 
3 -2 (No RCT) No No No No NA None 

⊕⊕○○ 

Low 

 

Average leg-press power * 

Pooled SMD: 

-0.49 [-0.87, -0.11] 
2 -2 (No RCT) No No No 

-1 (Sample 

size < 400) 
NA None 

⊕○○○ 

Very low 

 

RTD of knee flexors during the MVIC task * 

RTD of ankle dorsiflexors during the MVIC task 

RTD of ankle plantarflexors during the MVIC 

task 

Pooled SMD: 

-0.57 [-0.98, -0.16] 

-0.23 [-0.63, 0.18] 

-0.25 [-0.65, 0.15] 

3 -2 (No RCT) No No No 
-1 (Sample 

size < 400) 
NA None 

⊕○○○ 

Very low 

 

RTD of knee extensors during the MVIC task 

Pooled SMD: 

-0.18 [-0.46, 0.11] 
4 -2 (No RCT) No No No 

-1 (Sample 

size < 400) 
NA None 

⊕○○○ 

Very low 

 

RTD of hip extensors during the MVIC task 

Pooled SMD: 

-0.75 [-1.98, 0.49] 
2 -2 (No RCT) No No No 

-1 (Sample 

size < 400) 
NA None 

⊕○○○ 

Very low 

 

RTD of hip flexors during the MVIC task 

RTD of hip abductors during the MVIC task 

RTD of hip adductors during the MVIC task 

SMD: 

-0.04 [-0.75, 0.67] 

-0.34 [-1.06, 0.38] 

-0.24 [-0.95, 0.48] 

1 -2 (No RCT) No No No 
-1 (Sample 

size < 400) 
NA None 

⊕○○○ 

Very low 

 

Peak jumping power (* in female participants) 

SMD: 

-0.47 [-0.78, -0.15] 
1 -2 (No RCT) No No No 

-1 (Sample 

size < 400) 
NA None 

⊕○○○ 

Very low 

         Continued on next page. 
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Lower-limb power, RTD, or RFD parameter 
Effect measure and size  

[95% CI] 

No. of 

studies 

Study 

design 

Factors downgrading quality Factors 

upgrading 

quality 

Overall quality of evidence 

Risk of bias Inconsistency Indirectness Imprecision 
Publication 

bias 

 

Average power of knee flexors during the 

isokinetic contraction task at 90 °/s * 

Average power of knee flexors during the 

isokinetic contraction task at 120 °/s 

Average power of knee extensors during the 

isokinetic contraction task at 90 °/s * 

Average power of knee extensors during the 

isokinetic contraction task at 120 °/s * 

Average power of ankle dorsiflexors during the 

isokinetic contraction task at 90 °/s * 

Average power of ankle dorsiflexors during the 

isokinetic contraction task at 120 °/s 

Average power of ankle plantarflexors during the 

isokinetic contraction task at 90 °/s 

Average power of ankle plantarflexors during the 

isokinetic contraction task at 120 °/s 

SMD: 

-0.82 [-1.44, -0.21] 

 

-0.56 [-1.15, 0.04] 

 

-0.80 [-1.41, -0.19] 

 

-0.73 [-1.33, -0.12] 

 

-0.65 [-1.26, -0.05] 

 

-0.08 [-0.67, 0.50] 

 

-0.22 [-0.81, 0.36] 

 

-0.31 [-0.90, 0.28] 

1 -2 (No RCT) No No No 
-1 (Sample 

size < 400) 
NA None 

⊕○○○ 

Very low 

Power of knee extensors during the concentric 

contraction task at 70% 1-RM 

SMD: 

0.13 [-0.65, 0.91] 
1 -2 (No RCT) No No No 

-1 (Sample 

size < 400) 
NA None 

⊕○○○ 

Very low 

Note: The quality of evidence was rated based on the Grading of Recommendations, Assessment, Development and Evaluation (GRADE) criteria. * indicates the parameter could significantly 

identify the different fall histories. RTD: rate of torque development; RFD: rate of ground reaction force development; MVIC: maximal voluntary isometric contraction; RM: repetition maximum; 

RCT: randomized controlled trial. 
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2.3 Narrative Review: Response speed of reactive balance in older people with 

different fall histories or risks 

2.3.1 Introduction  

Falls and the resulting injuries/deaths have negative impacts on older individuals around the 

world (World Health Organization, 2021). The early detection of the fall-risk factors that can 

be modified is important to enable provision of targeted fall-prevention training for older people, 

alleviating the significant socioeconomic burden of fall consequences.  

The speed of balance control and gait is the fundamental component of fall-risk assessment. 

Considering that balance and gait disorders are the main contributors to falls in older adults 

(Salzman, 2010) and the fast-twitch fibers of skeletal muscles are more prominently affected 

with aging as compared to slow-twitch fibers (Gerstner et al., 2017; Reid & Fielding, 2012), 

assessing the balance/gait and the reaction speed simultaneously appears more effective in 

detecting older adults’ fall risks. The world falls guidelines have used the 0.8 m/s of gait speed 

or the 15 s of accomplishing the Timed Up and Go test to categorize a client into low and 

intermediate fall risks (Montero-Odasso et al., 2022). Such testing of balance control speed 

focuses on the client’s volitional balance control. Inadequate focus is put on the client’s speed 

of reactive balance control, which means the incoming perturbation is unexpected and the 

person makes postural adjustments after feeling the feedback of perturbation. The prompt 

responses of muscle activations, forces, joint motions, and postural sways are crucial in 

reactive balance control (Ochi et al., 2020; M. Pijnappels et al., 2005; Pijnappels et al., 2007; 

Tong et al., 2023; Wyszomierski et al., 2009). The speed of proper reactive balance control 

should therefore not be ignored. The synthesis of whether it indicates older people’s fall risks 

is merited to provide higher quality of evidence for the fall-risk assessment guidelines. 

Quite a lot of studies have compared the response speed of reactive balance control among 

the older adults who experienced fall event(s), i.e., fallers, versus those who did not 

experience fall event, i.e., non-fallers. However, there is no consensus yet regarding the 

relationships between falls and reactive balance control speed in older people. Firstly, several 
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studies reported the opposite results on whether older fallers and older non-fallers have 

differed in certain parameters depicting reactive balance control speed (Bair et al., 2016; Batcir 

et al., 2020; Fujimoto et al., 2015; Rogers et al., 2001; Tantisuwat et al., 2011), making it hard 

to assess the effectiveness/suitability of using such parameters to identify the fall history and 

fall risks in older people. Secondly, prior studies have employed various temporal (e.g., onset 

latency, time to peak) or kinematic measures (e.g., velocity, acceleration) to evaluate the 

speed of a variety of reactive balance control strategies (e.g., feet-in-place strategy, stepping 

strategy, and reach-grasp strategy), whole-body postural sways (e.g., CoM displacement, CoP 

displacement), and neuromuscular activations (e.g., electromyographic [EMG] signals). It is 

essential to conduct a critical appraisal to synthesize evidence on this topic. 

Previous systematic reviews have provided synthesized evidence regarding the associations 

of older adults’ falls with the neuromuscular responses during reactive balance control (Phu 

et al., 2022) or with the stepping impairment (Okubo et al., 2021). Okubo et al. (2021) 

synthesized the parameters related to the stepping strategy and summarized that stepping 

impairments in both volitional balance control and reactive balance control can indicate fall 

risks. Phu et al. (2022) synthesized the impacts of age, fall history, and exercise on the 

neuromuscular responses following sudden balance loss, while mainly focusing on the effects 

of age. However, the two similar review articles have involved only part of the reactive balance 

control responses and have not focused on the speed parameters of reactive balance control. 

It remains unclear whether older people with high fall risks have a generally quicker or slower 

reactive balance control. In addition, it is still difficult to know the appropriateness of using 

what speed parameters of reactive balance control to differentiate the fall histories or fall risks 

in older adults.  

Given the above, the aim of this narrative review was to answer the questions of: (1) whether 

the overall reactive balance control speed could distinguish the community-dwelling older 

people who had fall histories or had high fall risks; and (2) which speed parameter of reactive 

balance control would show a better ability to quantify the fall risk. The identification of the 
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essential speed parameters of reactive balance control that can distinguish fall history and/or 

predict fall incidence may facilitate the existing balance assessments to detect the older adults 

who are vulnerable to falls early, which may potentially facilitate the early provision of relevant 

intervention to prevent falls. 

2.3.2 Methods 

2.3.2.1 Data source and search strategy 

Following the PRISMA guidelines, two reviewers (R.T.L.Z. and C.H.) undertook the literature 

search and screening. A complete PRISMA flow chart illustrates the searching strategy and 

screened results (Figure 2-4). 

To identify relevant studies, a three-step search strategy was employed (Ma et al., 2020). In 

step 1, a general search of PubMed was done, where titles and abstracts were reviewed to 

pinpoint relevant keywords, e.g., “old” AND “fall risk” AND “reactive” AND “time”. In step 2, all 

the identified keywords were used to search across five databases: PubMed, Scopus, CINAHL, 

Web of Science, and Cochrane CENTRAL. The truncation operators on keywords were used 

to widen the search, and the Boolean search operators were used to combine the keywords 

in this review. There was no restriction regarding the publishing date or language. We created 

searching alerts to prospectively monitor the possibly eligible articles since the authors’ last 

search on 8 November 2023. In step 3, reference lists of the identified articles were looked 

through to any other relevant studies.  

2.3.2.2 Study selection 

Inclusion criteria were the studies with: (1) community-dwelling adults aged 60 years; (2) 

evaluations reflecting how fast the reactive balance control is, e.g., time, rate, velocity, 

acceleration; (3) collection of the retrospective fall history or the prospective fall incidence; and 

(4) effect measures that indicated the comparisons, associations, or diagnostic accuracy. 

There was no restriction regarding the study design. Exclusion criteria were studies with: (1) 

older people living in the nursing homes or hospitals, or older people with a specific disease; 
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(2) did not specify the ages of older participants; (3) indirect determination of fall status, i.e., 

using the low score of a balance test or the experimentally-induced tripping/slipping to indicate 

fall risks; or (4) were review articles. 

The three-step literature search identified 879 publications (see Figure 2-4). Based on the 

selection criteria, two reviewers (R.T.L.Z. and C.H.) reviewed the titles and abstracts of these 

publications. Based on the identified abstracts, the full texts were further read based on the 

identified abstracts to screen the eligible articles.  

 

Figure 2-4 The flow chart of study identification and screening. 
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2.3.2.3 Data extraction 

One reviewer (R.T.L.Z.) first extracted information of study characteristics, participant 

characteristics, fall status assessments, and parameters reflecting the response speed of 

reactive balance control. If data was not available within the main text, we further screened 

the supplemental materials for relevant data.  

2.3.2.4 Risk-of-bias assessments 

We used the 14-item Quality Assessment Tool for Observational Cohort and Cross-Sectional 

Studies to assess risk of bias for each included study (National Heart Lung and Blood Institute, 

2021). Two reviewers (R.T.L.Z. and C.H.) conducted the assessments independently. If 

disagreements regarding the rating results existed, the two reviewers discussed them first 

(R.T.L.Z. and C.H.); if agreements did not reach, a third reviewer (C.Z.H.M.) made the final 

decision.  

2.3.3 Results 

2.3.3.1 Types and methodological quality of included studies 

Thirteen articles were included in this review, which were all observational studies. Three of 

them were prospective cohort studies, which examined the relationship between the response 

speeds of reactive balance control and the future falls (Maki et al., 1994; Mille et al., 2013; 

Sturnieks et al., 2013). The other 10 cross-sectional studies evaluated the response speeds 

of reactive balance control in older people who had fall histories and those who did not have 

fall histories (Bair et al., 2016; Batcir et al., 2020; Claudino et al., 2017; Fonseca et al., 2014; 

Fujimoto et al., 2015; Rogers et al., 2001; Smith et al., 1996; Tantisuwat et al., 2011; Westlake 

et al., 2016; Zukowski et al., 2023).  

The methodological qualities were generally good for the included prospective cohort studies 

but were poor to fair for the included cross-sectional studies. The scores ranged from 4 to 11 

points. The items of “clearly stated research question” (item 1; N = 13), “clearly specified 

population” (item 2; N = 13), “eligibility criteria applied uniformly to all participants” (item 4; N 
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= 13), and “clearly defined outcome measures” (item 11; N = 13) were met by all the included 

studies. Most studies controlled for the confounders (e.g., age, gender) regarding the 

exposure-outcome relationship (item 14; N = 10). There was commonly high risk of bias 

regarding the “participation rate” (item 3; N = 0), “sample size justification” (item 5; N = 3), 

“exposure measured before outcome” (item 6; N = 3), “sufficient timeframe” (item 7; N = 3), 

“examination of relationships between different levels of exposures and outcomes” (item 8; N 

= 4), “clearly defined exposures” (item 9; N = 3) , “exposure assessed more than once” (item 

10; N = 0), “assessors blinded” (item 12; N = 2), and “follow-up rate” (item 13; N = 3). 

2.3.3.2 Participants’ demographics and fall status assessments 

A total of 859 older adults were involved (Table 2-4). For each included study, the sample size 

spanned from 23 (Westlake et al., 2016) to 242 (Sturnieks et al., 2013), and the mean age of 

the older people spanned from 67 to 83 years. The female to male ratio of the included 

participants was about 2:1. All included participants lived in the community/city/suburban 

areas, or lived independently, or were specified as healthy.   

Older fallers (n = 384) accounted for approximately 1/2 of all the older participants included. 

Regarding the definition of “fall”, twelve studies clearly defined it as the event that led to a 

person unintentionally coming to rest on the ground or other lower level, while the other two 

studies did not mention it. “Fallers” were referred to the participants that experienced fall 

event(s) either before or after the assessment of reactive balance control. The three 

prospective cohort studies all monitored the future fall incidences for 1 year via the participants’ 

fall diaries/postcards on the monthly (Mille et al., 2013; Sturnieks et al., 2013) or weekly (Maki 

et al., 1994) basis. Telephone calls were made to determine the circumstances if participants 

had no response in time (Maki et al., 1994; Mille et al., 2013; Sturnieks et al., 2013). The 

remaining cross-sectional studies evaluated the older participants’ self-reported fall histories, 

and defined “fallers” as those with ≥ 1 fall in the past one year (Bair et al., 2016; Batcir et al., 

2020; Claudino et al., 2017; Fonseca et al., 2014; Fujimoto et al., 2015; Rogers et al., 2001; 

Westlake et al., 2016), ≥ 2 falls in the past one year (Smith et al., 1996; Zukowski et al., 2023), 
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or ≥ 1 fall in the past six months (Tantisuwat et al., 2011).  

2.3.3.3 Assessments of reactive balance control 

Older adults’ reactive balance control has been induced in the diverse tests. A variety of 

temporal, kinematic, kinetic, and neuromuscular parameters have been used to evaluate how 

fast the reactive balance control is (Table 2-4). More details are described as follows: 

Paradigms/Tests for evaluating response speed of reactive balance control 

Twelve included studies investigated the reactive balance control during perturbed standing, 

while the remaining one included study investigated the reactive balance control during 

perturbed overground walking. The unexpected perturbations to standing balance were 

delivered 1) through the sudden force on the human body such as the waist-pull perturbation 

(Bair et al., 2016; Fonseca et al., 2014; Fujimoto et al., 2015; Mille et al., 2013; Rogers et al., 

2001; Sturnieks et al., 2013) and the shoulder-impact perturbation (Claudino et al., 2017), 2) 

or through the sudden movement of the supporting-surface platform such as the translational 

perturbation (Batcir et al., 2020; Maki et al., 1994; Tantisuwat et al., 2011; Westlake et al., 

2016) and the angular perturbation inducing the sudden ankle dorsiflexion (Smith et al., 1996). 

All these perturbations except the angular perturbation were from the horizontal direction(s). 

The unexpected perturbation during walking was induced by a near collision that the suddenly 

moving pedestrian simulated, and the participant needed to perform the collision avoidance 

walking. 

Parameters for evaluating response speed of reactive balance control 

The investigations on the response speed of reactive balance control can be categorized into 

the below four perspectives: (1) the whole-body postural sways, (2) the lower-limb stepping 

responses, (3) the upper-limb reach-grasp responses, and (4) the underlying neuromuscular 

responses. 

Over half of the included studies (N = 7) have investigated the stepping response speed during 
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reactive balance control. Reactive stepping responses were induced mainly by the 

unexpected waist-pull perturbations (Bair et al., 2016; Fujimoto et al., 2015; Mille et al., 2013; 

Rogers et al., 2001; Sturnieks et al., 2013), followed by the unexpected translational moving-

platform perturbations (Batcir et al., 2020; Tantisuwat et al., 2011). The temporal parameters 

including the step initiation time (Bair et al., 2016; Batcir et al., 2020; Fujimoto et al., 2015; 

Mille et al., 2013; Rogers et al., 2001; Sturnieks et al., 2013; Tantisuwat et al., 2011), step 

duration (Bair et al., 2016; Mille et al., 2013; Rogers et al., 2001; Tantisuwat et al., 2011), step 

landing time (Batcir et al., 2020; Tantisuwat et al., 2011), and recovery time (Batcir et al., 2020) 

together with the kinematic parameters including the average step velocity (Sturnieks et al., 

2013; Tantisuwat et al., 2011) were measured to evaluate how fast the reactive stepping 

response occurred.  

Five included studies (N = 5) have investigated the response speed of whole-body postural 

sways in older participants following unexpected balance perturbations. Regarding the rapid 

responses of CoP displacements, they have been measured to evaluate the feet-in-place 

balance control strategies following unexpected waist-pull (Fujimoto et al., 2015), shoulder-

impact (Claudino et al., 2017), and translational perturbations (Maki et al., 1994). Investigated 

parameters involved the onset latency of CoP displacement (Claudino et al., 2017), time to 

peak CoP displacement (Claudino et al., 2017; Maki et al., 1994), peak CoP velocity (Fujimoto 

et al., 2015), and average CoP velocity (Fujimoto et al., 2015; Maki et al., 1994). Regarding 

the rapid responses of CoM displacements, they have been evaluated in stepping strategy 

and dynamic walking (Fujimoto et al., 2015; Rogers et al., 2001; Zukowski et al., 2023). The 

CoM velocities at step initiation (Fujimoto et al., 2015; Rogers et al., 2001) and step landing 

(Rogers et al., 2001) following unexpected waist-pull perturbations were investigated, while 

the other study evaluated the average CoM acceleration, peak CoM acceleration, and the time 

to peak CoM acceleration in perturbed walking (Zukowski et al., 2023). 

Four included studies (N = 4) have analyzed the electromyographic (EMG) onset latency to 

evaluate neuromuscular response speed in older participants following unexpected waist-pull 
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(Fonseca et al., 2014), shoulder-impact (Claudino et al., 2017), translational (Westlake et al., 

2016), and angular perturbations (Smith et al., 1996). Investigated lower-limb muscles were 

the ankle dorsiflexor (Fonseca et al., 2014; Smith et al., 1996), ankle plantarflexor (Claudino 

et al., 2017; Fonseca et al., 2014; Smith et al., 1996), knee flexor (Claudino et al., 2017; 

Fonseca et al., 2014), knee extensor (Claudino et al., 2017; Fonseca et al., 2014), hip extensor 

(Fonseca et al., 2014), and hip abductor (Claudino et al., 2017). Investigated trunk muscles 

were the abdominal muscles and back extensors (Claudino et al., 2017; Fonseca et al., 2014). 

One included study (N = 1) has also investigated the upper-limb reach-grasp response speed 

by analyzing the time to handrail contact together with the underlying EMG onset latencies of 

shoulder flexor and abductor (Westlake et al., 2016). 

 



 

65 

 

Table 2-4. Study characteristics (N = 13). 

Author (year) / 

Study design 

Definition of fallers Group 
Sample 

size 

Male/ 

Female 

Age (year, 

mean ± SD) 

Perturbation 

method 
Perturbation direction 

Parameter(s) indicating response speed of 

reactive balance control 

Bair et al. (2016) 

Cross-sectional 

fall history in previous 12 

months 

F 16 6/10 73.4 ± 4.6 

waist-pull medial/lateral step initiation time, step duration 

NF 36 19/17 74.6 ± 7.6 

Batcir et al. (2020) 

Cross-sectional 

≥ 1 fall(s) in previous 12 

months 

RF 12 2/10 78.5 ± 4.7 

translational medial/lateral 

step initiation time, step landing time, 

step recovery time, 

SF 20 3/17 78.0 ± 5.5 

NF 51 18/33 79.6 ± 5.1 

Claudino et al. (2017) 

Cross-sectional 

≥ 1 fall(s) in previous 12 

months 

F 20 12/8 76.0 ± 6.0 

shoulder-

impact 
right 

EMG onset latencies of trunk/leg muscles,  

onset latency of ap/ml CoP displacement,  

time to peak ap/ml CoP displacement 
NF 20 11/9 73.0 ± 6.0 

Fonseca et al. (2014) 

Cross-sectional 

≥ 1 fall(s) in previous 12 

months 

F 13 0/13 72.4 ± 8.0 

waist-pull anterior/posterior EMG onset latencies of trunk/leg muscles 

NF 16 0/16 67.8 ± 6.8 

Fujimoto et al. (2015) 

Cross-sectional 

≥ 1 fall(s) in previous 12 

months 

F 7 1/6 71.7 ± 4.9 

waist-pull medial/lateral 

step initiation time,  

peak/average CoP velocity before step initiation, 

CoM velocity at step initiation 
NF 28 15/13 72.8 ± 7.1 

Maki et al. (1994) 

Prospective cohort 

≥ 1 fall(s) in prospective 12 

months 

F 59 10/49 83.2 ± 6.2 

translational 

anterior/posterior/ 

medial/lateral 

average CoP velocity,  

time to peak CoP displacement NF 37 7/30 81.6 ± 6.6 

Mille et al. (2013) 

Prospective cohort 

≥ 1 fall(s) in prospective 12 

months 

F 19 4/15 75.2 ± 7.8 

waist-pull 

12 directions arranged for 

every 30° in horizonal 

plane 

step initiation time, step duration 

NF 30 7/23 72.5 ± 5.9 

        Continued on next page. 
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Author (year) / 

Study design 

Definition of fallers Group 
Sample 

size 

Male/ 

Female 

Age (year, 

mean ± SD) 

Perturbation 

method 
Perturbation direction 

Parameter(s) indicating response speed of 

reactive balance control 

Rogers et al. (2001) 

Cross-sectional 

≥ 1 fall(s) in previous 12 

months 

F 18 

6/32 

74.0 ± 8.0 

waist-pull anterior 

step initiation time, step duration,  

forward CoM velocity at step initiation,  

lateral CoM velocity at step initiation/landing 
NF 20 71.0 ± 5.0 

Smith et al. (1996) 

Cross-sectional 

≥ 2 fall(s) in previous 12 

months 

F 32 7/25 74.7 ± 8.5 

angular  ankle dorsiflexion EMG onset latencies of ankle muscles 

NF 30 5/25 74.5 ± 7.6 

Sturnieks et al. (2013) 

Prospective cohort 

≥ 1 fall(s) in prospective 12 

months 

F 

(At-home 

fallers) 

106 

(54) 

57/49 

(34/20) 

79.8 ± 4.3 

(80.3 ± 4.5) 

waist-pull anterior/posterior step initiation time, step velocity 
NF 

(Adults 

except 

at-home 

fallers) 

136 

(188) 

75/61 

(98/90) 

80.2 ± 4.5 

(79.9 ± 4.3) 

Tantisuwat et al. (2011) 

Cross-sectional 

≥ 1 fall(s) in previous 6 

months 

F 36 0/36 

/ translational anterior/posterior 

step initiation time, step duration,  

step landing time, step velocity NF 45 0/45 

Westlake et al. (2016) 

Cross-sectional 

≥ 1 fall(s) in previous 12 

months 

F 12 

/ 

69.8 ± 4.7 

translational medial/lateral 

EMG onset latencies of shoulder muscles, 

time to handrail contact NF 11 68.5 ± 4.1 

Zukowski et al. (2023) 

Cross-sectional 

≥ 2 fall(s) in previous 12 

months 

NF 14 3/11 76.6 ± 9.0 near collision to 

walking 
anterolateral 

peak/average AP/ML CoM acceleration, 

time to peak AP/ML CoM acceleration F 15 4/11 77.4 ± 7.6 

Note: F: fallers; NF: non-fallers; RF: recurrent fallers; SF: single fallers; SD: standard deviation. EMG: electromyographic; CoM: center-of-mass; CoP: center-of-pressure; AP: anteroposterior; ML: mediolateral. 
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2.3.3.4 Response speed of reactive balance control to predict the fall risks 

Overall, based on the included prospective cohort studies that examined causal relationships 

between the response speed of reactive balance control and the fall risks, the later time to 

peak CoP displacement for maintaining mediolateral feet-in-place balance and the later 

backward step initiation time for stepping strategy could predict the older people’s higher fall 

incidence (Maki et al., 1994; Mille et al., 2013; Sturnieks et al., 2013). Regarding the step 

initiation time, neither of two related studies found significant differences between prospective 

fallers and prospective non-fallers following unexpected waist-pull perturbations (Mille et al., 

2013; Sturnieks et al., 2013). However, if specifically looking the at-home fallers, Sturnieks et 

al. (2013) found that they had significantly later backward step initiation time than the other 

older participants (RR = 1.89, 95% CI = 1.27–3.19). Regarding the step duration (Mille et al., 

2013) and average step velocity (Sturnieks et al., 2013), no significant difference was reported 

between prospective fallers and prospective non-fallers. Regarding the CoP responses to 

maintain feet-in-place balance control, fallers were observed with significantly later time to 

peak CoP displacement in contrast to non-fallers following sudden mediolateral translational 

perturbations (AUC = 0.68), while no significant difference was found following anteroposterior 

ones (Maki et al., 1994). In addition, no significant differences were reported between 

prospective fallers and prospective non-fallers regarding the average CoP velocity following 

any direction of unexpected translational perturbation (Maki et al., 1994). Further meta-

analysis results will be updated. 

2.3.3.5 Response speed of reactive balance control to identify the fall history 

Fallers seemed to have a faster reactive step following the anteroposterior perturbations, while 

demonstrating a slower one following the mediolateral translational perturbation than non-

fallers. Regarding the step initiation time, three related studies found no significant fall-history-

related difference (Bair et al., 2016; Fujimoto et al., 2015; Tantisuwat et al., 2011), one related 

study found that fallers had significantly earlier step initiation time than non-fallers following 

the sudden anterior waist-pull perturbations (Rogers et al., 2001), while the other related study 
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found that the recurrent fallers (with two or falls in past 1 year) had significantly later step 

initiation time in contrast to the single fallers (with one fall in previous 1 year) and non-fallers 

following the sudden mediolateral translational perturbations (Batcir et al., 2020). Regarding 

the step duration, two related studies found no significant differences in older fallers vs. older 

non-fallers (Bair et al., 2016; Rogers et al., 2001), while the other related study found that 

fallers had a significantly shorter forward step duration than non-fallers following unexpected 

anteroposterior translational perturbations (Tantisuwat et al., 2011). Regarding the step 

landing time, one related study observed no significant differences in older fallers vs. older 

non-fallers (Tantisuwat et al., 2011), while the other related study found that the recurrent 

fallers had significantly later step landing time than the single fallers and non-fallers (Batcir et 

al., 2020). Regarding the step recovery time, the recurrent fallers were found to have the later 

recovery to the original standing place after reactive stepping than the single fallers and non-

fallers (Batcir et al., 2020). Regarding the average stepping velocity, fallers had the larger 

forward step velocity than non-fallers (Tantisuwat et al., 2011). Further meta-analysis results 

will be updated. 

As for the reactive whole-body postural sways, fallers appeared to exhibit quicker responses 

compared non-fallers in the stepping strategy and walking but not in the feet-in-place strategy. 

Regarding the rapid responses of CoP, no significant fall-history-related differences were 

found in the onset latency/time to peak CoP displacement after unexpected lateral shoulder-

impact perturbations (Claudino et al., 2017) or in the peak/average CoP velocity after 

unexpected waist-pull perturbations (Fujimoto et al., 2015). Regarding the rapid responses of 

CoM, fallers exhibited a significantly larger lateral CoM velocity at step landing in contrast to 

non-fallers after the sudden anterior waist-pull perturbations (Rogers et al., 2001), and fallers 

showed a significantly earlier time to peak mediolateral CoM acceleration in contrast to non-

fallers after the sudden near collision by a pedestrian during walking (Zukowski et al., 2023). 

Regarding the neuromuscular response speed, the fall-history-related difference seemed to 

be affected by the paradigms for inducing reactive balance control. After sudden shoulder-
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impact perturbations from the right direction, fallers were observed with later EMG onset 

latencies in the right abdominal muscle, left hip abductor, and left knee flexor compared to 

non-fallers (Claudino et al., 2017). In contrast, no significant fall-history-related differences of 

EMG onset latencies were observed in ankle muscles following the unexpected angular 

perturbations that induced sudden dorsiflexion (Smith et al., 1996), in dominant-leg and trunk 

muscles following the unexpected anteroposterior waist-pull perturbation (Fonseca et al., 

2014), or in shoulder flexor/abductor for a reach-grasp strategy following the unexpected 

mediolateral translational perturbations (Westlake et al., 2016). Similarly, no significant fall-

history-related difference was found regarding the speed of reach-grasp motion, i.e., time to 

handrail contact (Westlake et al., 2016). 

The discussions and summary below are based on the currently accomplished qualitative 

analysis. Differences in response speed between older fallers and older non-fallers could vary 

in the different directions of reactive balance control. Possible mechanisms are as below. 

Further quantitative meta-analysis will be done to reveal the overall ability of reactive balance 

control speed in identifying the older people with fall histories or high fall risks and explain the 

inconsistent results regarding each parameter’s fall differentiation ability. Further quality 

assessment using GRADE will be done to evaluate the evidence level regarding each 

parameter’s fall differentiation ability. 

2.3.4 Summary of Narrative Review 

Fallers appeared to have a faster response than non-fallers when confronting a sudden threat 

to forward loss of balance. This was indicated by the fallers’ earlier step initiation time and 

larger lateral CoM velocity at step landing following anterior waist-pull perturbations (Rogers 

et al., 2001), shorter forward step duration and larger forward step velocity following 

anterior/posterior translational perturbations (Tantisuwat et al., 2011), and earlier time to peak 

CoM acceleration following the unexpected near collision during walking in contrast to non-

fallers (Zukowski et al., 2023). There were two possible reasons. One could be that fallers had 

greater concerns or fear of falling, and tended to have anticipation and preplanning in 
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response to the subsequent balance perturbation, even when they were random (Rogers et 

al., 2001; Sturnieks et al., 2013; Zukowski et al., 2023). Another reason could be that fallers 

had poorer mediolateral stability in single stance phase when stepping, which could 

subsequently lead to a quicker forward and lateral step following unexpectedly induced 

anterior balance loss (Rogers et al., 2001; Tantisuwat et al., 2011).   

By contrast, fallers appeared to have a slower response of reactive balance control than non-

fallers following unexpectedly induced posterior/medial/lateral loss of balance. This was 

indicated by the fallers’ later step initiation following the posterior waist-pull perturbations 

(Sturnieks et al., 2013), later time to peak CoP displacement for maintaining feet in place (Maki 

et al., 1994) and later step initiation/landing/recovery time following the mediolateral 

translational perturbations (Batcir et al., 2020), and later EMG onset latencies of related trunk 

and lower-limb muscles maintaining feet in place following the lateral shoulder-impact 

perturbations in contrast to non-fallers (Claudino et al., 2017). Compared to losing balance in 

posterior/medial/lateral directions, recovering from anterior loss of balance seemed an easier 

task. Postural muscles, such as the ankle plantarflexors, can be immediately utilized to 

eccentrically resist a forward fall as they support the body against gravity during normal 

standing. Reactive balance control in backward and mediolateral directions could therefore be 

more challenging for the older adults. The results of this narrative review could support the 

measurement of posterior/medial/lateral reactive balance control speed for detecting the 

community-dwelling older people with high fall risks.  

In short, the delayed initiation of reactive backward step and the delayed time to peak 

medial/lateral CoP displacement could predict the older adults fall risks, as indicated by the 

prospective studies with good methodological qualities. The cross-sectional studies with poor 

to fair methodological qualities also supported that the backward/medial/lateral reactive 

balance control speed declined in older people who had fall histories. In contrast, it was the 

faster response following anterior loss of balance that may indicate the older adults’ fall 

histories. Further meta-analysis and assessment of quality of evidence using GRADE are 
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needed to give confirmed conclusions and recommendations. 

2.4 Chapter Summary 

In summary, two literature reviews have been conducted in this chapter. The first systematic 

review and meta-analysis have investigated whether the rapid force generation capabilities 

(i.e., rate of torque development, rate of force development, power) of lower limbs could 

effectively differentiate older adults with different fall histories or fall risks. The second narrative 

review has delved into whether the response speed of reactive balance control (including 

stepping responses, whole-body postural sways, neuromuscular responses) can differentiate 

older adults with different fall histories or fall risks. 

Together, the two literature reviews in this chapter have suggested that quantitative 

assessments of the entire lower-limb power during strength tests and the stepping 

characteristics or whole-body postural sways during reactive balance control could 

complement the current clinical fall-risk assessments. Nevertheless, the limited number of 

studies focused on specific lower-limb muscle function restrains comprehensive 

understanding. These insights lead to the main objective of this PhD project, which is to delve 

into the intrinsic neuromuscular and biomechanical mechanisms underlying reactive balance 

control in older adults prone to falls by examining specific hip/knee/ankle joints and muscles. 
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Chapter 3 Exploring Reactive Balance Control Induced by 
Translational Perturbations in Young Adults (Study 1) 

3.1 Chapter Summary 

This chapter includes the contents of study 1 in this PhD project. The study 1 has validated 

the customized moving-platform system for inducing the translational perturbations which 

were simulating taking a bus in daily life. Young adults’ kinematic/neuromuscular response 

speed and sequence of multiple lower-limb muscles/joint motions were focused. 

This study has been published by the author of this thesis as an article in the journal of 

Bioengineering-Basel. This article has an open access article distributed under the terms and 

conditions of the Creative Commons Attribution (CC BY) license 

(https://creativecommons.org/licenses/by/4.0/), and the authors retain its copyright. 
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3.2 Abstract 

Falls and fall-related injuries are significant public health problems in older adults. 

While balance-controlling strategies have been extensively researched, there is still a 

lack of understanding regarding how fast the lower-limb muscles contract and 

coordinate in response to a sudden loss of standing balance. Therefore, this pilot study 

aims to investigate the speed and timing patterns of multiple joint/muscles’ activities 

among the different challenges in standing balance. Twelve healthy young subjects 

were recruited, and they received unexpected translational balance perturbations with 

randomized intensities and directions. Electromyographical (EMG) and 

mechanomyographical (MMG) signals of eight dominant-leg’s muscles, dominant-

leg’s three-dimensional (3D) hip/knee/ankle joint angles, and 3D postural sways were 

concurrently collected. Two-way ANOVAs were used to examine the difference in 

timing and speed of the collected signals among muscles/joint motions and among 

perturbation intensities. This study has found that (1) agonist muscles resisting the 

induced postural sway tended to activate more rapidly than the antagonist muscles, 

and ankle muscles contributed the most with the fastest rate of response; (2) voluntary 

corrective lower-limb joint motions and postural sways could occur as early as the 

perturbation-induced passive ones; (3) muscles reacted more rapidly under a larger 

perturbation intensity, while the joint motions or postural sways did not. These findings 

expand the current knowledge on standing-balance-controlling mechanisms and may 

potentially provide more insights for developing future fall-prevention strategies in daily 

life. 

3.3 Introduction 

Falls are one of the major public health problems in the world. Approximately one in three 

older adults fall worldwide (World Health Organization, 2021) and 28.7% of older adults fall in 

the United States annually (Bergen et al., 2016). Every year, there are around 684,000 fatal 

falls, and it is the second leading cause of unintentional injury death (Solis‐Escalante et al., 
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2021; World Health Organization, 2021). For the non-fatal injuries, about one in ten older 

adults experiences a fall-related injury annually (Moreland et al., 2020). Falls cause physical 

and mental impacts on older adults, and further burden the society heavily (World Health 

Organization, 2021). Balance and gait disorder is the major cause of falls except accidents 

(Rubenstein, 2006). The appropriate and timely postural adjustments and lower-limb muscle 

activities are vital to maintain postural balance. The in-depth investigation into these strategies 

of how a person reacts to sudden balance perturbations can facilitate our understanding of 

the underlying mechanisms of falls. This could also provide more insights and inspire the 

future development of fall-prevention strategies. 

Humans have different patterns of lower-limb joint motions in response to varied intensities of 

balance perturbations. Previous studies have identified three fundamental strategies to 

maintain the static standing balance, i.e., ankle strategy, hip strategy, and stepping strategy 

(Rubega et al., 2021). The ankle strategy is reached mainly by the dorsiflexion and 

plantarflexion of ankle joint, with minimal movement of the other proximal joints (Blenkinsop 

et al., 2017). This strategy is dominantly employed when no external perturbation exists (Ono 

et al., 2011). The hip strategy is used when the ankle strategy is not enough to keep the center 

of mass (CoM) within the base of support (BoS) (Blenkinsop et al., 2017). If the ankle and hip 

muscles cannot contract sufficiently to compensate for the large balance perturbations, the 

stepping strategy would be employed (Kochoa, 2016). Sometimes a “mixed strategy” can also 

be used to maintain balance, with typical characteristics of using the combined above-

mentioned strategies depending on the specific situation (Runge et al., 1999).  

An investigation of the rapidity and appropriate sequence of movements in the hip, knee, and 

ankle joints is crucial for understanding the balance controlling strategy, especially during 

unexpected and intense balance perturbations. Previous studies have primarily focused on 

the peak responses of postural sways and joint angles in maintaining standing balance (Bair 

et al., 2016; Chen et al., 2014; Tsai et al., 2014), and only a few studies have analyzed the 

onset sequence of various lower-limb joint motions in response to balance perturbations in the 
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sagittal plane (Hwang et al., 2009). When specifically looked at the lower-limb responses 

following the translational perturbations induced by a suddenly forward moving platform, the 

lower-limb joints commonly reacted with the sequence of ankle dorsiflexion, knee flexion, and 

finally hip flexion (Hwang et al., 2009). However, research on the timing and speed of lower-

limb joint responses to balance perturbations in the frontal plane remains inadequate. 

Therefore, a study of the temporal parameters, such as onset latency and time to peak, of 

whole-body postural sways as well as lower-limb joint motions in response to the balance 

perturbations with various intensities and directions is warranted.  

In addition to examining the lower-limb joint motions, analyzing the lower-limb muscle activities 

can provide greater insights into the underlying balance controlling strategies. Irrespective of 

the balance controlling strategy utilized, the acceleration of any body segment resulting from 

a perturbation must be generated by the contraction of the corresponding skeletal muscles. 

Most previous studies investigated the signals of only one or a couple of lower-limb muscles 

to maintain balance (Baudry et al., 2012; Błaszczyszyn et al., 2019; Cattagni et al., 2016; 

Faulkner et al., 2007; Inacio et al., 2019; Mirjam Pijnappels et al., 2005; Sawers et al., 2017). 

Specifically, most previous studies on static balance control have mainly investigated the EMG 

signals of ankle dorsiflexor and plantarflexor (Baudry et al., 2012; Błaszczyszyn et al., 2019; 

Cattagni et al., 2016; Rubega et al., 2021). During the walking task with unexpectedly induced 

slipping, some previous studies have reported that the older adults who failed to maintain 

balance tended to have delayed EMG onset in knee flexors/extensors of the slipping legs 

(Faulkner et al., 2007; Sawers et al., 2017). Some other studies have also reported that the 

large rate of EMG rise in the dorsal muscles of the stance leg was important to prevent tripping 

(Mirjam Pijnappels et al., 2005) and that in the hip abductors/adductors was important to make 

protective stepping (Inacio et al., 2019) in older people. However, till now, there has been 

insufficient evidence on how fast the major hip, knee, and ankle muscles can react to the 

balance perturbations with varying intensities and directions.  

Meanwhile, one of our recent work has investigated the rapid responses of eight dominant-leg 
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muscles following the unexpected waist-pull perturbations to standing balance, by quantifying 

the EMG onset latency, time to peak EMG amplitude, and rate of EMG rise of the captioned 

muscles (Zhu et al., 2022). It has mainly identified that the agonist muscles exhibited quicker 

activation than the antagonist muscles, and ankle muscles tended to activate faster than the 

rest six muscles (i.e., knee flexor/extensor, hip flexor/extensor, and hip abductor/adductor) in 

response to the waist-pull balance perturbation in young adults (Zhu et al., 2022). However, it 

has remained unclear whether young adults would adopt similar strategies in response to the 

moving-platform balance perturbation, which mimics a more real-life situation of standing in 

the buses/trains/boats and merits further study.   

Apart from the joint reactions and muscle electrical activities, the response of other events 

along the motor output pathway during balance control has been less explored. The 

generation of a joint motion goes through the activation in neuromuscular junctions, the muscle 

mechanical activities (shortening and lateral vibrations), and the force propagation to tendons 

(E. Cè et al., 2020). However, it is unknown whether the timing of muscle mechanical activities 

plays a role in the recovery from balance perturbations of varying intensities and directions. 

Mechanomyography (MMG) can detect such mechanical activities of a contracting muscle by 

recording the lateral vibrations that are perpendicular to the muscle fiber direction on skin 

surface (Woodward et al., 2019). Previous research has reported that the onset of the MMG 

signal was later than that of the EMG signal during the isometric contraction (Woodward et al., 

2019). For dynamic situations, MMG signals have been investigated in the tasks of maintaining 

walking balance (Lyu et al., 2022; Ma, Ling, et al., 2019) and standing balance (Zhu et al., 

2022). The MMG peak timing was found to be later than the EMG peak timing for the ankle 

plantarflexor during a gait cycle (Ma, Ling, et al., 2019); however, the onset and peak timing 

of MMG signals was found generally earlier than that of EMG signals following the unexpected 

waist-pull perturbations, which might be affected by the noise of passive body-segment 

movements induced by perturbations (Zhu et al., 2022). Therefore, this study made further 

attempts to explore the timing and coordination patterns of lower-limb major muscles’ 

mechanical activities during balance control.  
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To bridge the above research gaps, this study aimed to explore how healthy young adults 

respond to the moving-platform induced balance perturbations with multiple directions and 

intensities, from the perspectives of postural sways, lower-limb joint motions, and lower-limb 

muscle activities. The objectives of this study were to examine the differences in speed (onset 

latency, time to peak, and/or rate of rise) and peak responses of (1) the forward/backward, 

medial/lateral, and upward/downward CoM displacements; (2) the eight lower-limb joint 

motions (i.e., hip abduction/adduction, hip flexion/extension, knee flexion/extension, ankle 

dorsiflexion/plantarflexion); and (3) the eight dominant-leg muscles’ electrical and mechanical 

activities (i.e., hip abductor/adductor, hip flexor/extensor, knee flexor/extensor, ankle 

dorsiflexor/plantarflexor), under the different perturbation intensities. Such comprehensive 

analysis of kinematics and muscle activities under the sudden loss of balance that simulates 

daily scenarios is expected to uncover the more in-depth mechanisms underlying standing 

balance control. We hypothesized that (1) agonist muscles resisting the induced postural sway 

would have faster activation than antagonist muscles; (2) involuntary/passive joint motions 

and postural sways induced by the unexpected perturbation would occur earlier than 

voluntary/active ones for balance recovery; (3) higher intensities of unexpected perturbations 

would induce faster muscle activities, joint motions, and postural sways. 

3.4 Methods 

3.4.1 Study Design and Subjects 

This is an observational/cross-sectional and exploratory study. A total of 12 young healthy 

adults aged between 18 to 24 were recruited through the method of convenience sampling. 

Ethical approval has been granted by the Institutional Review Board (IRB) of The Hong Kong 

Polytechnic University (HSEARS20201230002). Subjects satisfied the following inclusion 

criteria (Gerards et al., 2021):  

1) No high-intensity sports within 24 hours before the experiment.  

2) No known musculoskeletal or neurological deficits. 

3) No history of dizziness, balance or walking disorders.  
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4) No history of lower limb injuries within a week. 

5) No sight or hearing disorders.  

6) No medication intake that could affect muscle activities. 

3.4.2 Equipment  

Moving-platform Perturbation System 

A moving-platform perturbation system was developed to induce the unexpected balance 

perturbations (see Figure 1). It consisted of (1) an aluminum alloy frame, (2) four servo motors 

(130-07725AS4, Wenzhou Guomai Electronics Ltd., Wenzhou, China), (3) a customized 

circular wooden platform (diameter: 80.0 cm; thickness: 3.5 cm), (4) four braided polyethylene 

wires (diameter: 1.2 mm), (5) a set of rails, and (6) a safety harness system (PG-360, Physio 

Gait Dynamic Unweighting System, Healthcare International Ltd., Langley, WA, USA). An 

Arduino UNO board (Arduino Uno Rev3, The Arduino Team, Somerville, America) and a 

customized Arduino program were used to control the servo motors and deliver the 

unexpected balance perturbations via the wires. Each of the four wires connected the edge of 

the platform with a motor, and the motor would pull the platform to slide along the rails so as 

to induce the horizontal balance perturbation in one of the four directions with regard to the 

subject’s body (anterior, posterior, left, and right). Figure 2 shows the flow of generating one 

perturbation. Firstly, the system delivered a sudden pull to the wooden platform with a 

randomized direction and intensity. Then, the platform would maintain stationary for 8 s. Finally, 

the system pulled the wooden platform to return to its original position. The direction, intensity, 

and starting time of each perturbation were randomized.  
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Figure 3-1. The moving-platform perturbation system with a subject. 

 

 

Figure 3-2. The flow of a pulling perturbation. 

 

Data Sampling Equipment 

A three-dimensional capture and analysis system, i.e., the Vicon system (Nexus 2.11, Vicon 

Motion Systems Ltd., Yarnton, UK), with eight cameras was used to capture the whole-body 

kinematics. The sampling rate was 250 Hz. A total of 39 reflective markers were adhered to 

the subject's body based on the Full-body Plug-in-gait Dynamic Model, including twelve on the 

bilateral lower limbs (bilateral thigh, lateral condyle of femur, shank, lateral malleolus, heel, 

2nd metatarsal head), four on the pelvis (bilateral anterior superior iliac spine, bilateral 

posterior superior iliac spine), five on the torso (sternal notch, xiphoid process of the sternum, 

spinous process of the 7th cervical vertebra, spinous process of 10th thoracic vertebra, right 
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scapula), fourteen on the bilateral upper limbs (bilateral acromion, upper arm, lateral 

epicondyle of humerus, forearm, radial side of wrist, ulnar side of wrist, 3rd metacarpal head), 

and four on the head (bilateral temples, bilateral back head) (VICON, 2021). To ensure the 

reflective markers firmly fixed on the subject's body surface, tight clothes and shorts were 

provided for subjects to wear during the experiment.  

Eight major lower-limb muscles’ activities were collected by an eight-channel Trigno Wireless 

Biofeedback System (SP-W02D-1110, Delsys Inc., Natick, MA, USA). Each Delsys Trigno 

Avanti sensor (dimension: 37 mm × 27 mm × 13 mm; mass: 14 g) consisted of an EMG sensor 

(double-differential silver bar electrodes; electrode size: 5 mm × 1 mm; inter-electrode 

distance: 10 mm; analogue Butterworth filter bandwidth: 20–450 Hz) and a 3-axis 

accelerometer (range: ± 16 g; resolution: 10 bits) to serve as the MMG sensor (Quam, 2020). 

The sampling rates of EMG and MMG were 2000 Hz and 250 Hz, respectively. According to 

the Surface ElectroMyoGraphy for the Non-Invasive Assessment of Muscles (SENIAM) 

recommendation (SENIAM, 2021), the subject's skin was shaved to remove the hair and 

alcohol wipes were used to clean the skin surface. After the alcohol vaporized and when the 

skin was dry, the eight EMG and MMG sensors were placed over the investigated eight lower-

limb muscles, respectively (see Table 3-1), and firmly fixed using double-sided adhesives 

(Adhesive Interfaces for Trigno Sensors, Delsys, Boston, MA) and pressure-sensitive tapes 

(Haishi Hainuo Group, Qingdao, China). The Trigno Wireless Biofeedback System has been 

commercially synchronized with the Vicon system. Infrared light bulbs were connected to the 

moving-platform perturbation system, and the flash of infrared light indicating each 

perturbation could be detected by the Vicon system. In this way, the three systems were 

synchronized during data collection
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Table 3-1. Eight investigated muscles and the corresponding EMG/MMG sensor placement. 

Muscle EMG/MMG sensor placement 

Ankle dorsiflexor:  

tibialis anterior (TA) 

at 1/3 on the line between the tip of the fibula and the tip of the 

medial malleolus (SENIAM, 2021). 

Ankle plantarflexor:  

medial gastrocnemius (MG) 

on the most prominent bulge of the muscle (SENIAM, 2021). 

Knee extensor:  

rectus femoris (RF) 

halfway between the anterior superior iliac spine (ASIS) and the 

superior boarder of the patella (SENIAM, 2021). 

Knee flexor:  

semitendinosus (ST) 

halfway between the ischial tuberosity and the medial epicondyle 

of the tibia (SENIAM, 2021). 

Hip flexor: 

sartorius (SA) 

8 cm distal from the ASIS along the line between the ASIS and the 

median of the tibial tuberosity (Jiroumaru et al., 2014b). 

Hip extensor:  

gluteus maximus (GMax) 

halfway between the sacral vertebrae and the greater trochanter 

(SENIAM, 2021). 

Hip abductor:  

gluteus medius (GMed) 

halfway between the iliac crest to the greater trochanter (SENIAM, 

2021). 

Hip adductor:  

adductor maximus (AM) 

halfway between the pubic tubercle and the medial femoral 

epicondyle (Hides et al., 2016). 

3.4.3 Protocol 

Subjective Assessment 

Each subject firstly accomplished the demographic data collection and the subjective 

assessments. Body mass and height were measured using a standard scale (DETECTO 

3P704, Webb city, Missouri, USA), and other anthropometrics like the leg length were 

measured using a tape measure and a caliper. The International Physical Activity 

Questionnaire-Short version (IPAQ-S) (Lee et al., 2011) and the Falls Efficacy Scale-

International (FES-I) short version (Kempen et al., 2008; Shao et al., 2022; Swanenburg et al., 

2013; Zhu et al., 2022) were used to evaluate the physical and mental factors that might affect 

the balance performance in each subject, respectively. The larger value calculated from the 
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IPAQ-S reflects the higher level of physical activity in the past 7 days, and the higher score of 

the FES-I short version (7 items; full score: 28 points) reflects the more concerns over falling 

(Kempen et al., 2008; Lee et al., 2011). The Mini-Balance Evaluation System Test (Mini-

BESTest) was also performed to evaluate the subject’s balance capacity in four categories: 

anticipatory postural control, reactive postural control, sensory organization, and dynamic gait 

(Franchignoni et al., 2010). The higher score of the Mini-BESTest (14 items; full score: 28 

points) indicates the better balance capacity. Finally, the subject’s dominant leg was 

determined using the balance recovery test, ball kick test, and step-up test (Hoffman et al., 

1998). The leg used most frequently in nine total trials (3 trials × 3 tests) was considered the 

dominant leg (Hoffman et al., 1998). 

Instrumented Data Collection 

Before the perturbation experiment, the reflective markers, EMG and MMG sensors were 

attached to subjects, with instructions and explanation of the experimental protocol. To 

simulate the daily situation, the subject was asked to wear his/her usual shoes during the 

whole perturbation experiment. The subject was instructed to stand naturally with two feet 

shoulder-width apart in the middle of the platform and knees fully extended. The subject also 

held a light rod in front of the body at the waist level, so the reflective markers would not be 

blocked during data collection (Bair et al., 2016). The dark-colored tapes were adhered below 

the subject's shoes to mark the original foot position on the wooden platform. The subject was 

instructed to stand still and look forward; when the platform moved, try his/her best to maintain 

balance without stepping; or return the foot to the original foot position as soon as possible if 

stepped. 

Each subject received a total of 48 unexpected balance perturbations induced by the moving 

platform (4 directions × 4 intensities × 3 repetitions), and the kinematic, EMG, and MMG data 

of the subject’s responses were collected. These balance perturbations were randomly 

allocated into four perturbation trials during the experiment, and there was a 5-min rest 

between the two trials to avoid the effects of fatigue. For each perturbation, the starting time, 
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direction (anterior, posterior, medial, or lateral), or intensity (highest, high, low, or lowest) was 

random. The direction of a balance perturbation was defined as the moving direction of the 

platform in reference to the subject’s dominant leg. For example, for a subject with the right 

leg as the dominant leg, pulling the platform toward the left was regarded as a “medial” 

perturbation while pulling toward the right was a “lateral” perturbation (see Figure 1). Different 

intensities of balance perturbations were induced by the different displacements and velocities 

of the moving platform. Based on previous works and our pilot studies, the displacements 

under the “highest” intensity for the perturbations in anterior, posterior, medial, and lateral 

directions were set as 4%, 2.67%, 5.33%, and 5.33% of subject’s height, respectively (Luchies 

et al., 1994; Pai et al., 1998; Singh et al., 2017; Zhu et al., 2022). The displacements under 

the “high”, “low”, and “lowest” intensities corresponded to the 3/4, 2/4 and 1/4 of that under 

the “highest” intensity, respectively. Pulling duration of each perturbation was measured from 

the flash time of infrared light. The displacement, velocity, and acceleration of each 

perturbation were measured based on the trajectory of the reflective marker fixed on the 

moving platform. By examining these parameters, the moving-platform perturbation system 

has shown good reliability of delivering three repetitive balance perturbations with the same 

direction and intensity. Videos were taken during the entire perturbation experiment to 

evaluate the subject’s stepping strategy following the unexpected perturbations. 

3.4.4 Data Processing 

The kinematic data, i.e., the whole-body’s center of mass (CoM) and the hip, knee, and ankle 

angles, were firstly processed by the Plug-in-gait Dynamic Model of the Vicon system, and 

then zeroed to the mean of the 1000-ms baseline values before each perturbation via a 

customized MATLAB program (MATLAB 2019b, The MathWorks, Inc., Natick, MA, USA). The 

CoM displacement was further subtracted by the displacement of the platform to obtain the 

CoM displacement relative to the base of support (BoS).  

For the muscle activity data, the raw EMG data were firstly zeroed to the mean values obtained 

from the whole perturbation trial, then full-wave rectified, and low-pass filtered by a bi-
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directional 4th order Butterworth filter with a cut-off frequency of 4 Hz to obtain the EMG signal 

envelopes (Zhu et al., 2022). To extract MMG data, the z-axis accelerometry signals were 

firstly filtered through an adaptive filter, in an attempt to eliminate the noise caused by limb 

motion by removing the trajectory of the reflective marker that was close to the MMG sensor. 

Next, the signals were further band-pass filtered by a 4th order Butterworth filter (5-50Hz) (Lyu 

et al., 2022; Ma, Ling, et al., 2019), full-wave rectified, and low-pass filtered by a bi-directional 

4th order Butterworth filter with a cut-off frequency of 4 Hz to obtain the MMG signal envelopes 

(Caulcrick et al., 2021). The EMG and MMG signal envelopes were further divided by the 

1000-ms baseline mean values before the whole perturbation trial for normalization. 

The onset latency, time to peak amplitude, peak amplitude, and/or rate of rise were analyzed 

for the kinematic, EMG, and MMG data (see Figure 3). The onset and peak points were 

identified within 2 s after the start of each perturbation. The onset point of a signal was 

determined as the first time point when the corresponding amplitude exceeded five times of 

standard deviation (SD) plus the mean of baseline (mean + 5 SD) (Borrelli et al., 2019; Neil J 

Cronin et al., 2013). The mean of baseline was calculated from the 1000-ms signal values 

before the start of each perturbation. The onset latency referred to the delayed time between 

the start of each perturbation and the onset point of a signal. The time to peak referred to the 

delayed time between the start of each perturbation and the peak point of a signal. The rate 

of rise was defined as the slope of signal rise over 50 ms after onset. For each parameter (i.e., 

onset latency, time to peak, peak value, or rate of rise), each subject’s mean of the three 

values in three repetitive perturbation trials with the same direction and same intensity was 

used for the statistical analysis.   
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Figure 3-3. An example of EMG signal showing the examined parameters for one balance perturbation. 

 

3.4.5 Statistical Analyses 

The IBM SPSS version 25 was used for statistical analyses, and the significance level was set 

as 0.05. For each of the four perturbation directions, two-way ANOVA and post hoc pairwise 

comparisons with Bonferroni corrections were used to analyze the effects of the below two 

factors on the onset latency, time to peak, peak amplitude, or rate of rise of the investigated 

signals:  

1. EMG signal difference among the eight different muscles and among the four different 

perturbation intensities (muscle × perturbation intensity);  

2. MMG signal difference among the eight different muscles and among the four different 

perturbation intensities (muscle × perturbation intensity);  

3. Joint angle difference among the eight different joint motions and among the four different 

perturbation intensities (joint motion × perturbation intensity); and 

4. CoM trajectory difference among the six different postural sway directions and among the 

four different perturbation intensities (postural sway direction × perturbation intensity). 

3.5 Results 

The demographic data and the subjective assessment results of 12 subjects are shown in 
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Table 3-2. All subjects had the right leg as the dominant leg. No fall or disastrous event 

occurred during experiments. All subjects reported that the safety harness system did not 

restrict their motion while the protection was adequate.  

Table 3-2. Demographic data and subjective assessments (mean ± SD) of twelve subjects. 

 Male (n=6) Female (n=6) Total (n=12) 

Age (year) 21.2 ± 1.2 21.5 ± 0.5 21.3 ± 0.9 

Height (cm) 174.8 ± 5.8 166.1 ± 4.9 170.4 ± 6.9 

Body Mass (kg) 59.2 ± 8.9 56.8 ± 3.6 58.0 ± 6.6 

BMI (kg/m²) 19.3 ± 2.2 20.6 ± 1.0 20.0 ± 1.7 

Dominant Leg Right (n=6) Right (n=6) Right (n=12) 

Leg Length (cm) 88.8 ± 4.6 85.0 ± 3.2 86.9 ± 4.3 

IPAQ-S (Kcal/week)  2017.3 ± 1253.3 1238.2 ± 883.6 1627.8 ± 1111.0 

FES-I Short Version 10.8 ± 3.4 10.0 ± 2.8 10.4 ± 3.0 

Mini-BESTest Score 27.0 ± 0 27.5 ± 0.5 27.3 ± 0.5 

Note: BMI: Body mass index. IPAQ-S: International Physical Activity Scale-Short version. FES-I: Fall Efficacy Scale-

International. Mini-BESTest: Mini-Balance Evaluation System Test. 

 

Under the lowest, low, and high perturbation intensities, all young subjects were able to 

maintain balance without stepping or lifting their feet (0/432). Under the highest intensity of 

perturbations, eight subjects stepped for a total of 14 times following the anterior perturbations 

(14/36), no subject stepped following the posterior perturbation (0/36), one subject took a step 

with the non-dominant leg following the medial perturbation (1/36), and one subject took a 

step with the dominant leg following the lateral perturbation (1/36). Among the stepping 

responses following anterior perturbations, six subjects took two steps to maintain balance 

(7/14), three took one step with the dominant leg (4/14), and three took one step with the non-

dominant leg (3/14). 
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3.5.1 CoM Displacements 

Figure 4 plots the mean whole-body CoM displacement relative to the BoS of twelve subjects 

following unexpected balance perturbations with each of the four directions and four intensities 

(n=12). A red dotted line specifies the start of the balance perturbation (t = 1 s). The mean and 

standard error (mean ± SE, n=12) values of onset latencies, time to peak, and peak values 

are also plotted against the different directions of CoM displacement (Figure 5).  
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Figure 3-4. The mean whole-body CoM displacements of twelve subjects following the unexpected anterior, 

posterior, medial, and lateral perturbations with four intensities (n = 12).  

(Note: CoM: center of mass; Red dotted line specifies the start of the balance perturbation.). 
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Figure 3-5. The onset latency of CoM displacement, time to peak CoM displacement, and peak CoM 

displacement following unexpected horizontal perturbations (mean ± SE, n=12).  

(Note: SE: standard error;  or : pairwise comparison. Significant differences of post hoc pairwise 

comparisons (p<0.05) were indicated by the ** for the main effect of postural sway factor; * for the simple main 

effect of postural sway factor; ## for the main effect of intensity factor; # for the simple main effect of intensity 

factor.)  
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For each of the four perturbation directions, the initial CoM displacement was found in the 

direction opposite to the perturbation, followed by the CoM displacement toward the 

perturbation significantly (p < 0.05). Perturbation intensity showed significant effect on the 

peak CoM displacement (p < 0.05), but not on the timing of CoM displacement. 

The unexpected perturbation also induced the early response of CoM displacement in the 

vertical direction. Following anterior perturbations, the CoM displacement had significantly 

earlier onset and significantly shorter time to peak in upward direction than in 

downward/forward/medial/lateral directions (p < 0.05). Following posterior perturbations, the 

significantly shorter time to peak CoM displacement was observed in the downward direction 

compared to the upward/backward/medial/lateral directions (p < 0.05). Following medial 

perturbations, the CoM displacement in upward direction had significantly earlier onset and 

significantly shorter time to peak than in downward/forward/backward direction (p < 0.05). 

Following lateral perturbations, the CoM displacement had significantly earlier onset and 

significantly shorter time to peak in upward direction than in 

downward/lateral/forward/backward direction (p < 0.05).  

3.5.2 Dominant-leg Joint Motions 

Figure 6 plots the mean dominant-leg joint angle changes of twelve subjects following 

unexpected translational balance perturbations (n=12). Figure 7 shows the mean and 

standard error (mean ± SE, n=12) values of onset latencies, time to peak, and peak values of 

the dominant-leg joint angles. 
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Figure 3-6. The mean dominant-leg joint angle changes of twelve subjects following the unexpected 

anterior, posterior, medial, and lateral perturbations with four intensities (n = 12).  

(Note: Red dotted line specifies the start of the balance perturbation; Add.: adduction; Abd.: abduction; Flex.: 

flexion; Ext.: extension; Dorsi.: dorsiflexion; Plantar.: plantarflexion.). 
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Figure 3-7. The angle onset latencies, time to peak angle, and peak angles of eight lower-limb joint motions 

following unexpected horizontal perturbations (mean ± SE, n = 12).  

(Note: SE: standard error;  or : pairwise comparison. Significant differences of post hoc pairwise 

comparisons (p<0.05) were indicated by the ** for the main effect of joint motion factor; * for the simple main effect 

of joint motion factor; ## for the main effect of intensity factor; # for the simple main effect of intensity factor.) 

When anterior perturbation was induced, significant within-joint differences were observed in 

the angle onset latencies (hip flexion < hip extension; hip adduction < hip abduction; p < 0.05) 
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and in the time to peak angles (hip flexion < hip extension; hip adduction < hip abduction; knee 

flexion < knee extension; p < 0.05). Generally, the peak angles of ankle dorsiflexion, knee 

flexion and hip flexion significantly increased with the perturbation intensity (p < 0.05). 

When posterior perturbation was induced, ankle dorsiflexion had the significantly earlier angle 

onset and significantly shorter time to peak angle than ankle plantarflexion (p < 0.05). Among 

the eight joint motions, the significantly largest joint motion occurred in hip flexion (p < 0.05). 

Generally, the larger perturbation intensity induced the larger dominant-leg joint motions (p < 

0.05).  

When medial perturbation was induced, hip adduction showed the significantly earliest angle 

onset among the eight joint motions (p < 0.05). Hip adduction also showed significantly shorter 

time to reach peak angle than hip abduction under the low, high, and highest perturbation 

intensities (p < 0.05); while ankle dorsiflexion showed significantly shorter time to reach peak 

angle than ankle plantarflexion under the highest perturbation intensity (p < 0.05). Generally, 

the peak angles of ankle dorsiflexion, knee flexion and hip flexion significantly increased with 

the perturbation intensity (p < 0.05). 

When lateral perturbation was induced, significant within-joint differences were observed in 

both the angle onset latency and the time to peak angle (hip abduction < adduction; hip flexion 

< extension; knee flexion < extension; ankle dorsiflexion < plantarflexion; p < 0.05). Under the 

low, high, and highest perturbation intensities, knee flexion and hip flexion had significantly 

larger peak angles than the rest joint motions (p < 0.05).   

3.3. EMG Signals of Eight Dominant-leg Muscles 

Figures 8 shows the mean EMG signal of twelve subjects for each of the eight dominant-leg 

muscles following the unexpected balance perturbations (n=12). Figure 9 plots the mean and 

standard error (mean ± SE, n=12) values of EMG onset latencies, time to peak EMG amplitude, 

as well as rate of EMG rise against the eight dominant-leg muscles. 
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Figure 3-8. The mean EMG signal changes of twelve subjects for eight dominant-leg muscles following the unexpected anterior, posterior, medial, and lateral 

perturbations with four intensities (n = 12).  

(Note: Red dotted line specifies the start of the balance perturbation; EMG: electromyography. GMed: gluteus medius; AM: adductor magus; SA: sartorius; GMax: gluteus 

maximus; RF: rectus femoris; ST: semitendinosus; TA: tibialis anterior; MG: gastrocnemius medialis.). 
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Figure 3-9. The EMG onset latencies, time to peak EMG amplitude, and rate of EMG rise for eight dominant-

leg muscles following unexpected horizontal perturbations (mean ± SE, n = 12).  

(Note: SE: standard error;  or : pairwise comparison. Significant differences of post hoc pairwise 

comparisons (p<0.05) were indicated by the ** for the main effect of muscle factor; * for the simple main effect of 

muscle factor; ## for the main effect of intensity factor; # for the simple main effect of intensity factor.) 

Following unexpected anterior movement of the platform, significant agonist-antagonist 

differences were found in EMG onset latency (ankle dorsiflexor < ankle plantarflexor for the 
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lowest, low, and high perturbation intensities; hip flexor < hip extensor for the lowest 

perturbation intensity; p < 0.05) and in time to peak EMG amplitude (ankle dorsiflexor < ankle 

plantarflexor for all perturbation intensities; knee extensor < knee flexor for the lowest 

perturbation intensity; p < 0.05). The rate of EMG rise was remarkably highest for the ankle 

dorsiflexor compared to the other muscles (p < 0.05). 

Following unexpected posterior movement of the platform, ankle plantarflexor had a 

significantly shorter EMG onset latency compared to knee extensor, hip extensor and hip 

adductor (p < 0.05). Ankle plantarflexor showed the significantly largest rate of EMG rise 

among the eight dominant-leg muscles (p < 0.05). Generally, the larger perturbation intensity 

evoked the significantly shorter EMG onset latencies (p < 0.05) and the significantly larger rate 

of EMG rise (p < 0.05).  

Following unexpected medial movement of the platform, significant agonist-antagonist 

differences existed in EMG onset latency (hip abductor < hip adductor; p < 0.05) and time to 

EMG peak amplitude (hip abductor < hip adductor; knee extensor < knee flexor; p < 0.05). 

Ankle dorsiflexor showed generally the largest rate of EMG rise among the eight dominant-leg 

muscles under the low, high, and highest perturbation intensities (p < 0.05). Generally, the 

larger perturbation intensity evoked the significantly shorter EMG onset latencies (p < 0.05) 

and the significantly shorter time to EMG amplitude (p < 0.05); for ankle dorsiflexor, ankle 

plantarflexor, and hip abductor, the rate of EMG rise also significantly increased with the 

perturbation intensity (p < 0.05). 

Following unexpected lateral movement of the platform, significant agonist-antagonist 

differences occurred in EMG onset latency (ankle dorsiflexor < ankle plantarflexor; knee 

extensor < knee flexor; hip flexor < hip extensor; p < 0.05) and in time to peak EMG amplitude 

(ankle dorsiflexor < ankle plantarflexor; hip adductor < hip abductor; hip flexor < hip extensor; 

p < 0.05). Ankle dorsiflexor showed the significantly largest rate of EMG rise among the eight 

dominant-leg muscles (p < 0.05). Generally, the larger perturbation intensity evoked the 

significantly shorter EMG onset latencies (p < 0.05), shorter time to peak EMG amplitude (p < 
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0.05), and larger rate of EMG rise (p < 0.05). 

3.5.3 MMG Signals of Eight Dominant-leg Muscles 

Figure 10 shows the mean MMG signal of twelve subjects for each of the eight dominant-leg 

muscles following the unexpected balance perturbations (n=12). Figure 11 plots the mean and 

standard error (mean ± SE, n=12) values of MMG onset latencies, time to peak MMG 

amplitude, as well as rate of MMG rise against the eight dominant-leg muscles. 
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Figure 3-10. The mean MMG signal changes of twelve subjects for eight dominant-leg muscles following the unexpected anterior, posterior, medial, and lateral 

perturbations with four intensities (n = 12).  

(Note: Red dotted line specifies the start of the balance perturbation; MMG: mechanomyography. GMed: gluteus medius; AM: adductor magus; SA: sartorius; GMax: gluteus 

maximus; RF: rectus femoris; ST: semitendinosus; TA: tibialis anterior; MG: gastrocnemius medialis).
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Figure 3-11. The MMG onset latencies and time to peak MMG amplitude for eight dominant leg muscles 
following unexpected horizontal perturbations (mean ± SE, n = 12).  

(Note: SE: standard error;  or : pairwise comparison. Significant differences of post hoc pairwise comparisons 
(p<0.05) were indicated by the ** for the main effect of muscle factor; * for the simple main effect of muscle factor; ## 
for the main effect of intensity factor; # for the simple main effect of intensity factor.) 
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In general, the onset of MMG signals was significantly earlier in ankle muscles than in knee or hip 

muscles (p < 0.05). Such MMG onset pattern (activation started from distal to proximal lower limb) 

was observed following all the four directions of balance perturbations. Besides, following the 

balance perturbations in frontal plane, hip abductor was in the queue with early onset of MMG 

signal. The larger perturbation intensity evoked the significantly shorter MMG onset latencies (p 

< 0.05), shorter time to peak MMG amplitude (p < 0.05), and larger rate of MMG rise (p < 0.05). 

Following unexpected anterior perturbation, ankle dorsiflexor and ankle plantarflexor had the 

significantly shorter MMG onset latencies than the other muscles (p < 0.05). Significant agonist-

antagonist differences existed in MMG onset latency (hip flexor < hip extensor; p < 0.05) and in 

time to peak MMG amplitude (hip abductor < hip adductor; p < 0.05). No specific trend was 

observed when comparing the rate of MMG rise among muscles.  

Following unexpected posterior perturbation, ankle dorsiflexor and ankle plantarflexor had the 

significantly shorter MMG onset latencies than the other muscles (p < 0.05).  

Following unexpected medial perturbation, ankle dorsiflexor, ankle plantarflexor, and hip abductor 

had significantly shorter onset latencies than the rest dominant-leg muscles (p < 0.05). Significant 

agonist-antagonist differences existed in both the MMG onset latency and the time to peak MMG 

amplitude (hip abductor < hip adductor; p < 0.05).  

Following unexpected lateral perturbation, ankle dorsiflexor, ankle plantarflexor, and hip abductor 

had significantly shorter onset latencies than the rest dominant-leg muscles (p < 0.05). Besides, 

the hip abductor showed the shortest time to peak MMG amplitude among the eight dominant-leg 

muscles (p < 0.05).  

3.6 Discussion 

Via the synchronized capture of eight dominant-leg muscles’ electrical and mechanical activities 

(EMG and MMG signals), eight dominant-leg joint motions (angles), and whole-body postural 

sways (CoM displacements), this study is novel in its comprehensive investigation of the timing 

and the speed of combined reactions in hip, knee and ankle muscles and joints following the 

unexpected horizontal/translational perturbations with different intensities and directions. In 

agreement with our hypothesis 1, this study has observed that (1) Agonist muscles that resisted 

the perturbation-induced postural sway activated more rapidly than antagonist muscles; and 

among the eight dominant-leg muscles, ankle muscles’ large rate of activation contributed the 
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most to resisting the perturbations in both sagittal and frontal planes. However, our hypotheses 2 

and 3 were not entirely supported, as results showed that (2) Fast responses existed not only in 

those lower-limb joint motions and CoM displacements that were passively/involuntarily induced 

by the perturbation, but could also occur in those actively/voluntarily generated ones to counteract 

the perturbation; and (3) A larger perturbation intensity evoked the more rapid muscle activities, 

but did not induce a faster joint motion or postural sway.  

These findings build on our knowledge of how fast the hip/knee/ankle muscles could activate and 

how the lower-limb joints could coordinate to maintain the reactive standing balance in healthy 

young adults. This potentially facilitates the understanding of strategies on how humans cope with 

the varying challenges of losing balance in daily life, which could provide further evidence and 

guidance for the development of fall-prevention approaches in the future. Details are discussed 

below. 

3.6.1 Faster Activation Existed in Agonist Lower-Limb Muscles, especially 
Ankle Muscles, to Resist the Induced Postural Sway (hypothesis 1) 

The primary finding of this study was that earlier EMG onset and shorter time to peak EMG 

amplitude occurred in muscles that could resist against the involuntary CoM shift induced by the 

unexpected moving-platform perturbations. On top of this, this study may highlight the great 

contribution of ankle muscles’ large rate of activation in balance maintenance under the 

unexpected perturbation in both the sagittal and frontal planes.  

Following the unexpected anterior movement of the platform, while the CoM had a firstly posterior 

shift relative to the BoS, the ventral muscles that could rotate the body forward (ankle dorsiflexor, 

knee extensor, hip flexor) had generally earlier onset of activation and shorter latency to reach 

peak activation compared to the dorsal muscles. These observations have been consistent with 

the previously reported EMG onset patterns (i.e., EMG onset latency of ankle dorsiflexor < ankle 

plantarflexor; knee extensor < knee flexor) (de Freitas et al., 2010; Hwang et al., 2009; Tsai et al., 

2014) and time to peak patterns (i.e., time to peak EMG amplitude in ankle dorsiflexor < ankle 

plantarflexor; knee extensor < knee flexor) (de Freitas et al., 2010; Krašna et al., 2021). On top 

of this, this study has also observed that ankle dorsiflexor had the remarkably large rate of 

activation after onset of perturbation (within 50 ms after onset) under all the perturbation 

intensities; while the knee extensor showed a large rate of activation under the high perturbation 

intensity. This indicated the major contribution of the ventral muscles, especially the ankle 

dorsiflexor, in rapidly shifting the body forward to resist the unexpected anterior movement of the 
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supporting platform. In addition, under the highest perturbation intensity, a second peak was 

commonly observed for the dominant-leg muscles’ EMG signals, which might be related to the 

subjects’ stepping action to recover postural balance. This observation is also in accordance with 

previous findings that a stepping strategy would be needed to increase the area of BoS and 

maintain balance, when the ankle and/or hip strategies were insufficient (Kochoa, 2016). 

Following the unexpected posterior movement of the platform, the dorsal muscle (ankle 

plantarflexor) showed an early onset of activation and quick reaching of peak activation to resist 

the induced forward CoM displacement relative to BoS. This agreed with the previous findings 

that gastrocnemius and hamstrings had the faster (Runge et al., 1999) and the greater (Baudry 

et al., 2012; Krašna et al., 2021) muscle activities than the ventral muscles to prevent excessive 

forward postural sways. In addition, among the eight dominant-leg muscles, this study observed 

that the ankle plantarflexor had a notably large rising rate at the early phase of muscle activation. 

This corroborated the previous finding that the rate of ankle plantarflexor’s activation played a key 

role in resisting the forward waist-pull balance perturbations (Zhu et al., 2022) and preventing the 

forward tripping (Mirjam Pijnappels et al., 2005). 

Following the unexpected medial movement of the platform, hip abductor was evoked earlier and 

reached the peak activation earlier than the hip adductor to resist the induced laterally moving of 

CoM relative to the BoS. The result consisted with previous studies that reported the significant 

relations between hip abductor and balance recovery under the lateral waist-pull perturbations 

(Afschrift et al., 2018; Gilles et al., 1999; Zhu et al., 2022). In addition, this study observed that 

the ankle dorsiflexor had a generally larger rate of activation than the other dominant-leg muscles; 

under the high and the highest perturbation intensities, large rate of activation was further evoked 

in hip abductor and ankle plantarflexor, as the body weight was more quickly transferred to the 

dominant leg. The dominant-leg distal ankle muscles have been reported in previous studies to 

provide the immediate joint torque to regain balance under the medial perturbation of platform, 

followed by the proximal hip muscles with the increasing of perturbation intensity (Freyler et al., 

2015; Jeon et al., 2021; Winter et al., 1990). Such kinetic responses could partially be 

corroborated by the further neuromuscular evidence in this study.  

Following the unexpected lateral movement of the platform, the hip adductor reached peak 

activation earlier than the hip abductor to counteract the suddenly medial moving of CoM relative 

to the BoS. Besides, among the eight dominant-leg muscles, ankle dorsiflexor had the greatest 

rate of activation. These findings consisted with the previous studies which indicated the essential 
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contributions of ankle and hip muscles in controlling mediolateral postural balance (Inacio et al., 

2019; Jeon et al., 2021; Kovacikova et al., 2015; Zhu et al., 2022). On top of this, in the sagittal 

plane, this study further observed that the ventral muscles (ankle dorsiflexor, knee extensor, hip 

flexor) had earlier onset and shorter time to peak activation than the dorsal muscles. These rapid 

activation patterns might be related to the attempt of trying to counteract the body weight 

unloading from the dominant leg, and prevent the excessive medial postural sway induced by the 

unexpected laterally moving of platform (Ma, Chung, et al., 2019). 

To the authors’ knowledge, no previous study has investigated the activation pattern of all the 

major hip, knee, and ankle muscles to maintain balance over the unexpected platform movement. 

By examining the hip adductor/abductor, hip flexor/extensor, knee flexor/extensor, and ankle 

dorsiflexor/plantarflexor simultaneously, this study identified the essential importance of ankle 

muscles’ rapid activation in resisting the horizontal perturbations for young adults. It is also 

expected that the more comprehensive and in-depth investigation in eight leg muscles’ activities 

in this study could facilitate the future development of programs and assistive devices to improve 

balance and prevent falls in older adults (Elhadi et al., 2018; Huang et al., 2022; Ma et al., 2022; 

Ma, Chung, et al., 2019; Ma et al., 2020; Ma & Lee, 2017; Ma et al., 2015; Ma et al., 2016; Ma, 

Wong, et al., 2018; Ma, Zheng, et al., 2018; Wan et al., 2016; Wang et al., 2023). 

3.6.2 Rapid Kinematic Responses Varied with the Perturbation Direction 
(hypothesis 2) 

The secondary finding of this study was that the rapid responses of lower-limb joint motions and 

postural sways varied in different directions of balance perturbations. Following the unexpected 

platform movement, lower-limb joint motions caused by the inertia of body segments were 

generally the first to appear and considered as passive/involuntary, while sometimes other 

active/voluntary joint motions could also appear as early as the passive/involuntary ones. Among 

the six directions of CoM displacement, CoM moving toward the opposite direction of the balance 

perturbation was generally the earliest because of inertia, which has been consistent with the 

previous studies’ findings (Ma & Lee, 2017; Rietdyk et al., 1999; Runge et al., 1999); while 

sometimes the CoM displacement in the vertical direction could also occur as early as in the 

horizontal direction either because of inertia or active/voluntary reactions. 

Early onset of joint angles and short time to peak angles were generally observed in the 

passive/involuntary joint motions induced by the moving platform. Specifically, because of inertia, 

faster responses of ankle dorsiflexion (compared to ankle plantarflexion) (Runge et al., 1999), hip 
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adduction (compared to hip abduction) (Rietdyk et al., 1999; Zhu et al., 2022), and hip abduction 

(compared to hip adduction) (Rietdyk et al., 1999; Zhu et al., 2022) were induced under the 

unexpected posterior, medial, and lateral perturbations, respectively. However, only under the 

medial perturbation, the onset of passively induced hip adduction was found to be significantly 

earlier than the rest seven lower-limb joint motions. For the anterior, posterior, and lateral 

directions, the passive/involuntary joint motion was usually accompanied by the fast responses 

of other active/voluntary joint motions to resist the balance perturbation. 

The timing patterns of active/voluntary lower-limb joint motions were different following the four 

directions of unexpected balance perturbations. Specifically, under the unexpected anterior 

perturbation, the passively/involuntarily induced ankle plantarflexion was accompanied by the 

consistently early onset of hip flexion (compared to hip extension). A previous study also reported 

that early ankle plantarflexion was followed by the knee flexion, and hip flexion under the sudden 

forward movement of platform (Hwang et al., 2009). On top of it, this study observed that knee 

flexion (compared to knee extension) and hip flexion (compared to hip extension) reached peak 

angles more quickly, which further corroborated the finding in onset of joint motions. Under the 

unexpected posterior perturbation, no consistently fast response within the knee or hip joint 

accompanied the passively/involuntarily induced ankle dorsiflexion. However, a previous study 

reported that young adults also had an earlier hip extension than hip flexion apart from the ankle 

joint motions following the posterior moving-platform perturbation (Runge et al., 1999). This may 

be because the perturbation intensity induced by the posterior movement of platform was not as 

large as that in the previous study (Runge et al., 1999; Zhu et al., 2022). Therefore, this study 

observed only the consistently later onset and peak in ankle joint motion (ankle dorsiflexion < 

ankle plantarflexion). The corrective reaction, i.e., ankle plantarflexion, was sufficient to recover 

from the induced forward loss of balance. Under the unexpected medial perturbation, all the 

active/voluntary joint motions appeared after the passively/involuntarily induced hip adduction. 

The hip abduction was corrective as the muscle activity of hip abductor was detected which could 

work to oppose the passive hip adduction. This reaction was also supported by a previous study 

which found the corrective response of hip abduction moment following perturbations in frontal 

plane (Rietdyk et al., 1999; Zhu et al., 2022). Under the unexpected lateral perturbation, the 

passively/involuntarily induced hip abduction was accompanied by the consistently early onset 

and short time to peak of hip flexion, knee extension, and ankle dorsiflexion. Similar to the medial 

perturbation, the hip adductor muscle worked to oppose the passive hip abduction and produce 

the later corrective hip abduction (Rietdyk et al., 1999; Zhu et al., 2022). In addition, the 
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observations of this study may suggest that when the body weight was unloaded from the 

dominant leg following lateral perturbations, fast joint motions in sagittal plane were also required 

to maintain balance; while they were not required when the body weight was loaded on the 

dominant leg following medial perturbations. 

The unexpected horizontal perturbation also induced the consistently faster response of CoM in 

the vertical direction. As far as the authors know, previous studies have rarely compared the timing 

of postural sways in horizonal and vertical directions following a balance perturbation. Specifically, 

in this study, the faster upward CoM displacements (compared to downward direction) were 

observed following the anterior, medial, and lateral balance perturbations; while the posterior 

perturbation induced a faster downward CoM displacement. Following the anterior perturbation, 

the earlier upward CoM displacement (compared to downward direction) seemed to be related to 

the great proportion of subjects’ stepping strategies and toe-rise strategies in the study. Following 

the medial or the lateral perturbation, the faster responses of hip flexion, knee flexion, and ankle 

dorsiflexion in the unloaded leg were observed. The fast upward CoM displacement could be 

caused by the lifting of the unloaded leg. By contrast, following the posterior perturbation, the 

CoM reached peak displacement more quicky in the downward direction than in the upward 

direction. This response was considered to be passive, as the downward and the passively 

induced forward postural sways had similar onset latencies and time to peak. The posterior 

displacement quickly induced the subject’s forward inclined posture, so the CoM had a firstly 

downward displacement and was followed by a later upward displacement to recover the upward 

posture. Difference in perturbation intensities may explain why the initial CoM displacement in the 

vertical direction following posterior perturbations differed from that following 

anterior/medial/lateral perturbations. Posterior perturbations were set with smaller intensities than 

anterior/medial/lateral perturbations in this study. The latter ones were challenging enough and 

induced the faster active/voluntary reactions that elevated the CoM, while the former ones were 

not. 

3.6.3 Larger Perturbation Intensity Evoked Faster Rosponse in Muscle 
Activation (hypothesis 3) 

The tertiary finding of this study was that the larger perturbation intensity induced the earlier EMG 

onset, shorter time to peak EMG amplitude, and larger rate of EMG rise in the dominant-leg 

muscles; but not led to faster responses in postural sways or lower-limb joint motions. This may 

suggest that under a larger unexpected challenge to loss of balance, the lower-limb muscles could 
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activate earlier and more rapidly to restrict the excessive joint motions and prevent excessive 

CoM shifts out of the BoS. 

Results in this study indicated that the response rate of lower-limb muscles could be related to 

perturbation intensity in general. EMG onset latencies and time to peak EMG amplitude were 

significantly longer under the smaller perturbation intensities than under the higher ones. Previous 

studies have reported such phenomenon mainly in the sagittal plane (anterior and posterior 

directions) (Hwang et al., 2009; Krašna et al., 2021; Lin & Woollacott, 2002; Runge et al., 1999). 

On top of them, this study suggested that this trend was also applicable to perturbation in the 

frontal plane (medial and lateral directions). In addition, this study observed the higher EMG rising 

rate under a larger perturbation intensity. Such effects of perturbation intensity seemed to be more 

prominent in the agonist muscles that could resist postural sways induced by the unexpected 

moving-platform perturbations (e.g., ankle dorsiflexor under the anterior perturbations; ankle 

muscles and hip abductor under the medial perturbations). However, the specific or type of the 

correlation between the muscle responses and perturbation intensities has remained unclear. It 

would be interesting to establish some models between the two factors in future studies.  

A larger perturbation intensity could evoke the larger responses in lower-limb joint motions and 

postural sways; however, it may not be able to evoke the faster kinematic responses. For the 

postural sways, this study found that the larger perturbation intensity generally induced the larger 

CoM displacement along the line of perturbation direction. An example was that both the forward 

and the backward peak CoM displacements could increase with the anterior perturbation intensity. 

This was understandable since the different perturbation intensities in the study were position-

controlled. However, a larger intensity of perturbation did not evoke the earlier onset or shorter 

time to peak CoM displacement. A similar amount of time was required to reach a larger postural 

sway under the greater perturbation intensity. The result partly agreed with a previous study which 

showed increasing peak CoM velocity and peak CoM acceleration with perturbation intensity [61]. 

For the lower-limb joint motions, it was found that ankle dorsiflexion, knee flexion, and hip flexion 

angles increased with the perturbation intensity for all the four perturbation directions. Such 

strategies seemed to be able to reduce the additional horizontal excursions when the challenge 

to loss of standing balance became larger (de Freitas et al., 2010). However, the onset or the time 

to peak for neither the whole-body postural sways nor lower-limb joint motions could be affected 

by the perturbation intensity. These may suggest that the earlier and faster lower-limb muscle 

activation would be adequate for the successful maintenance of balance following a larger 

balance challenge. In addition, as these findings indicate that the neuromuscular reaction time 
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(EMG onset latency and time to EMG peak amplitude) could be modulated by the different 

intensities of perturbations, EMG temporal parameters could potentially be used as the training 

outcome or biofeedback in perturbation-based balance training (Gerards et al., 2023).    

3.6.4 MMG Signals following Balance Perturbations Merit Further Study 

Attempts have also been made to process and analyze the MMG signals, aiming to examine the 

possible delays between the electrical and mechanical muscle activities in response to 

unexpected balance perturbations. A new processing method has been used upon optimizing the 

one reported in our previous study (Zhu et al., 2022). However, the MMG signals obtained in the 

current study may still not fully reflect the exact mechanical activities of muscles, concerning that 

the onset of MMG signal was not consistently later than that of EMG signal. The observed time 

delay between the EMG and MMG onset was not comparable with the previous studies, either. 

The delay in MMG signal after EMG signal observed in previous studies ranged from 7ms to 30ms 

instead (Emiliano Cè et al., 2020; Cè et al., 2013; Fukawa & Uchiyama, 2016; Smith et al., 2017; 

Uchiyama et al., 2017). Thus, it should be noted that the following discussion of MMG data might 

be affected by the current processing method of MMG signals used in this study. Further attempts 

are still needed to improve the MMG data processing method in future studies. 

When comparing among the eight muscles, the onset of MMG signal under all directions of 

perturbation was significantly earlier at distal than proximal muscles. Such onset might be caused 

by the perturbation induced from a moving platform supporting the standing, or in other words, at 

the distal side of subject’s body. This is further supported by the result that the value of each 

parameter in MMG recorded greatly depended on pulling intensity, but not for muscles or pulling 

directions. Although MMG showed considerable reliability to detect muscle activities in static 

conditions (Ling et al., 2020; Smith et al., 2017), it might not be effective in dynamic conditions, 

as the current processing method of MMG signals could still not effectively eliminate the noise 

caused by the moving platform and the movement of body segment. Further studies and 

optimization of set-up are required on MMG technologies to be applied to muscle activity 

measurement in dynamic situations. 

3.6.5 Strengths and Limitations 

This study has the below strengths. Firstly, the moving-platform perturbation system has been 

synchronized with the Vicon system and the Trigno Wireless Biofeedback System, enabling our 

accurate analyses of the temporal parameters of multiple signals during balance control. Secondly, 
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the perturbation intensity (i.e., pulling displacement) has been set as a percentage of the subject’s 

body height so that the perturbation is a consistent challenge to postural balance across different 

individuals. Thirdly, this study has comprehensively analyzed how fast the eight major leg muscles’ 

activation and eight lower-limb joint motions could occur during balance control. These findings 

in healthy young adults can serve as the foundation and reference for not only the further studies 

of balance control mechanisms in older adults with high fall risks but also the further development 

of assistive/robotic devices for targeted balance training and fall prevention.    

There are some potential limitations of this study. Firstly, only a small number of subjects were 

recruited for this pilot study. Future studies in older adults or a specific population should justify 

the sample size to make the findings more representative. Secondly, during the processing of 

EMG signals, this study used baseline EMG value in normal standing for normalization. Therefore, 

it should be noted that the rate of EMG rise in this study was based on the muscle activation level 

in normal standing rather than the capacity of muscle activation. The maximal voluntary 

contraction (MVC) tests could be carried out in the future to examine if the amplitude normalization 

methods would affect the finding. Lastly, the current MMG processing method might still be not 

mature to extract the exact vibrations of lower limb muscles. Further observation and development 

are needed. More tests could be performed on MMG to evaluate the reliability and validity of 

reflecting the mechanical muscle activities following the unexpected perturbation. 

3.7 Conclusion 

To conclude, among the eight dominant-leg muscles, ankle muscles’ rapid activation contributed 

the most to resist the unexpected moving-platform perturbations in both sagittal and frontal planes. 

Fast responses of the lower-limb joint motions and the vertical postural sways were related to the 

perturbation direction. Under a larger perturbation intensity, muscles reacted more rapidly, while 

joint motions or postural sways were not necessarily faster. These findings provide new insights 

on the sequence or the fast responses of multiple lower-limb muscles/joints to cope with the 

different levels of balance challenges. The mechanisms underlying reactive standing balance are 

better understood, which may facilitate future research on developing targeted balance training 

protocol and/or technology or device in fall prevention for older adults. 

  



  

 
110  

Chapter 4 Exploring Reactive Balance Control Induced by 
Translational Perturbations in Older Adults (Study 2) 

4.1 Chapter Summary 

This chapter includes the contents of study 2 in this PhD project. As the customized moving-

platform system has been validated to induce unexpected translational perturbations in young 

adults, it was further used in this pilot study for the investigations of neuromuscular/kinematic 

mechanisms underlying the fall-prone older people’s reactive balance control. In this pilot study, 

the fall-related alterations in lower-limb muscles activities and joint motions following unexpected 

translational perturbations were focused, by comparing older fallers (i.e., the older adults with fall 

histories) and older non-fallers. However, this pilot study did not recruit more participants. The 

reason was that the force plates of Vicon system could not be utilized during the moving-platform 

experiments, making the collection of kinetic data unavailable. Based on the results of our meta-

analysis, the leg-press power and sit-to-stand power could significantly differentiate fall histories 

or predict prospective falls in older adults. It was inferred that the lower-limb kinetic responses for 

reactive balance were also important to differentiate older people’s fall status. The perturbation 

system was therefore modified to enable the use of force plates and collection of kinetic data in 

the later studies (waist-pull studies) of this PhD project. 

This study has been published by the author of this thesis as an article in the journal of 

Bioengineering-Basel. This article has an open access article distributed under the terms and 

conditions of the Creative Commons Attribution (CC BY) license 

(https://creativecommons.org/licenses/by/4.0/), and the authors retain its copyright. 
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4.2 Abstract 

Background: Falls and fall consequences in older adults are global health issues. Previous 

studies have compared postural sways or stepping strategies between older adults with and 

without fall histories to identify factors associated with falls. However, more in-depth 

neuromuscular/kinematic mechanisms have remained unclear. This study aimed to 

comprehensively investigate muscle activities and joint kinematics during reactive balance control 

in older adults with different fall histories.  

Methods: This pilot observational study recruited six community-dwelling older fallers (≥1 fall in 

past one year) and six older non-fallers, who received unpredictable translational balance 

perturbations in randomized directions and intensities during standing. The whole-body center-

of-mass (COM) displacements, eight dominant-leg joint motions and muscle electrical activities 

were collected, and analyzed using the temporal and amplitude parameters.  

Results: Compared to non-fallers, fallers had significantly: (a) smaller activation rate of the ankle 

dorsiflexor, delayed activation of the hip flexor/extensor, larger activation rate of the knee flexor, 

and smaller agonist-antagonist co-contraction in lower-limb muscles; (b) larger knee/hip flexion 

angles, longer ankle dorsiflexion duration, and delayed timing of recovery in joint motions; and (c) 

earlier downward COM displacements and larger anteroposterior overshooting COM 

displacements following unpredictable perturbations (p < 0.05).  

Conclusions: Compared to non-fallers, fallers used more suspensory strategies for reactive 

standing balance, which compensated for inadequate ankle/hip strategies but resulted in 

prolonged recovery. A further longitudinal study with a larger sample is still needed to examine 

the diagnostic accuracies and training values of these identified neuromuscular/kinematic factors 

in differentiating fall risks and preventing future falls of older people, respectively. 

4.3 Introduction 

Falls and fall consequences in older adults burden the society heavily and are global health issues 

(World Health Organization, 2021). Annually, around one in three older adults falls, one in ten 

older adults has fall-related injuries, and 684,000 fall-related deaths happen worldwide (Moreland 

et al., 2020; World Health Organization, 2021). However, even the multi-factorial fall-prevention 

management has shown relatively limited success in fall reduction, especially in older adults with 

fall histories, i.e., fallers (de Vries et al., 2010). Given that balance and gait disorders are the 
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second leading causes of falls except accidents (World Health Organization, 2021), some in-

depth physiological alterations of balance control in older fallers that have remained unidentified 

may be modifiable to prevent older adults' future falls more effectively. 

Several balance control strategies with the involvement of lower limbs have been proposed based 

on the analyses of kinematics (i.e., postural sways, joint motions) and neuromuscular activities 

(i.e., electromyographic [EMG] signals) (Kasahara & Saito, 2021). The feet-in-place strategy is 

commonly employed to keep the whole-body center of mass (CoM) within the base of support 

(BoS) when external perturbations are not large, which comprises a single or a combination of 

the ankle strategy, hip strategy, and suspensory strategy (bending knees to lower CoM for stability) 

(Kasahara & Saito, 2021). The stepping strategy is used to establish a new BoS when the feet-

in-place strategy is not enough to overcome the increasing perturbation intensity (Kasahara & 

Saito, 2021; Tong et al., 2023). Compared to young adults, older adults tended to rely more on 

the proximal lower-limb joint motions and muscles than the distal ones, and may use the stepping 

strategy for reactive/compensatory/automatic balance control following unexpected perturbations 

(Osoba et al., 2019). Apart from the age-related changes in the responses of multiple 

muscles/joints, prior studies have also shown the interaction effects of age with the perturbation 

direction and perturbation intensity on the balance control strategies (Allum et al., 2002; Ma & 

Lee, 2017; Osoba et al., 2019). Nevertheless, the identified age-related kinematic and 

neuromuscular alterations underlying the reactive balance control may not be directly indicative 

of fall risks, due to the potential existence of the confounding factor of age. Specific investigations 

and comparisons of the older adults with and without fall histories (i.e., fallers vs. non-fallers, and 

excluding the confounding factor of age) are therefore warranted to identify further balance control 

alterations in older individuals who are prone to falls, and to identify the fall-related factors. 

Previous studies have intensively analyzed the stepping strategies and whole-body postural 

sways to compare the reactive balance control between fallers vs non-fallers (Bair et al., 2016; 

Batcir et al., 2020; Gerards et al., 2021; Maki et al., 1994; Mille et al., 2013; Sturnieks et al., 2013; 

Tantisuwat et al., 2011), while the differences in specific joint motions or muscle activities were 

less focused (Claudino et al., 2017; Studenski & Chandler, 1991; Thompson et al., 2018). Firstly, 

lower-limb muscle activities during reactive balance control have primarily been examined within 

a restricted number of lower-limb muscles, i.e., the ankle dorsiflexor/plantarflexor (Claudino et al., 

2017; Studenski & Chandler, 1991; Thompson et al., 2018), knee flexor/extensor (Claudino et al., 

2017; Thompson et al., 2018), and hip abductor (Claudino et al., 2017). The difference on hip 

adductor and hip flexor/extensor activation across fallers and non-fallers remained unknown. 
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Secondly, prior investigations of lower-limb muscle activities have examined only one single EMG 

parameter in each study (Claudino et al., 2017; Studenski & Chandler, 1991; Thompson et al., 

2018). Fallers were reported to exhibit longer EMG onset latency of ankle dorsiflexor following 

anterior translational perturbations during standing (Studenski & Chandler, 1991), longer EMG 

onset latencies of hip abductor and knee flexor in the weight-bearing leg following lateral shoulder-

impact perturbations during standing (Claudino et al., 2017), and no significantly different agonist-

antagonist co-contraction index (CCI) of ankle dorsiflexor-plantarflexor or knee flexor-extensor 

following optical flow perturbations during walking as compared to non-fallers (Thompson et al., 

2018). The existing analysis of timing and amplitude characteristics of EMG signals may have 

been insufficient, since only the delayed muscular reaction was identified to differentiate fallers 

from non-fallers (Claudino et al., 2017; Studenski & Chandler, 1991). Thirdly, regarding joint 

kinematics, interestingly, no prior studies seemed to have compared them in fallers vs. non-fallers 

during reactive balance control to the best of authors' knowledge. Although fallers exhibited 

decreased range of motion in lower-limb joints than non-fallers (Lin & Woollacott, 2002), it has 

been unclear whether the lower-limb joint motions during reactive balance control differ between 

fallers and non-fallers. More comprehensive analyses of lower-limb muscle activities and joint 

kinematics are needed to facilitate the understanding of older fallers' balance control strategies. 

Reactive balance control strategies are influenced by both the perturbation direction and 

perturbation intensity (Tong et al., 2023; Zhu et al., 2022), while there is still insufficient evidence 

to determine whether fallers and non-fallers respond differently to diverse directions or intensities 

of balance perturbations. Regarding the perturbation intensity, a previous study reported that 

fallers and non-fallers' difference in stepping strategy was more pronounced following a higher 

intensity of mediolateral perturbation (Bair et al., 2016), whereas another study did not observe 

an interaction effect of fall history and perturbation intensity on the reactive stepping strategy 

following unexpected anterior perturbations (Rogers et al., 2001). Regarding the perturbation 

direction, prior studies also reported inconsistent differences in postural sway between fallers and 

non-fallers when responding to unexpected anteroposterior (Maki et al., 1994; Rogers et al., 2001) 

or mediolateral perturbations (Batcir et al., 2020; Claudino et al., 2017; Fujimoto et al., 2015; Maki 

et al., 1994). The underlying reasons for these inconsistent findings have not been thoroughly 

understood/explained. Analyzing neuromuscular responses and joint kinematics during reactive 

balance control can potentially help better explain how the fall-prone older adults respond to 

varied levels of threats of suddenly losing balance, which may also provide useful insights for 

clinical assessments of reactive balance. 
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The main aim of this study was therefore to explore the older fallers' neuromuscular and kinematic 

alterations of lower limbs during reactive balance control as compared to non-fallers. Specifically, 

this study had the research question of how EMG/angle signals varied among the eight different 

dominant-leg muscles/joint motions, different fall histories, directions, and intensities of 

unexpected translational perturbations. In addition, how the CoM displacements varied among 

the six different postural sway directions (i.e., forward/backward, medial/lateral, and 

upward/downward), different fall histories, perturbation directions, and perturbation intensities 

were investigated. The timing parameters including onset latency, time to peak, and burst duration 

and the amplitude parameters including the rate of rise, peak amplitude, and/or agonist-antagonist 

CCI were analyzed for these signals. We hypothesized that the analyzed parameters during 

reactive balance control would be affected by the interaction of fall history, muscle/joint 

motion/postural sway direction, perturbation direction, and perturbation intensity. Further for the 

simple main effects of fall history, based on the previously available findings related to ageing 

(Allum et al., 2002; de Freitas et al., 2010; Kasahara & Saito, 2021; Lin & Woollacott, 2002; Osoba 

et al., 2019; Thompson et al., 2018) and fall histories (Claudino et al., 2017; Studenski & Chandler, 

1991; Thompson et al., 2018), we extrapolated that fallers would have the delayed timing and 

larger amplitudes of proximal muscles' activation/joint motions than non-fallers following a high 

intensity of unexpected anterior or lateral balance perturbation. 

4.4 Methods 

4.4.1 Study Design and Subjects 

This study was a pilot observational cross-sectional study. Subjects were recruited through 

convenience sampling. Inclusion criteria were: 1) aged 65 years old or over, 2) living in the 

community independently and been able to walk for 400 m without any assistance, and 3) fallers 

(with at least one fall within the past one year) or non-fallers (with no fall within the past one year) 

in matched age and gender. Exclusion criteria were: 1) being hospitalized or living in nursing 

homes for more than six months in the past year; 2) experienced fall(s) due to traffic or 

occupational accidents; 3) diagnosed with cognitive impairment or severe systemic disease (e.g., 

neuromuscular, renal, hepatic, orthopedic, vestibular, or cardiopulmonary disorders) that impacts 

or limits physical activities; and 4) participated in any structured exercise training or strengthening 

exercises within the past 1 year. A total of twelve older participants were finally eligible for this 

study. Before being tested, each subject has read and signed an informed consent to participate 

in this study (Ethics approval agency: Institutional Review Board, The Hong Kong Polytechnic 
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University; Ethical reference number: HSEARS20201230002). Each subject participated in the 

experiment once, involving subjective assessments and perturbation trials.  

4.4.2 Subjective Assessments 

The collection of demographic data (e.g., age, gender, height, body mass), medical history, and 

fall history was first conducted, followed by the assessments using questionnaires/scale. A fall is 

defined as an event coming to rest inadvertently on the ground or floor or other lower level and 

not resulting from an intrinsic or overwhelming hazard (Tinetti et al., 1988). The short Falls Efficacy 

Scale-International (FES-I) and the Chinese Version of the Physical Activity Scale for the Elderly 

(PASE-C) were introduced to the subject for the measurement of their fear of falling and physical 

activity level (Ku et al., 2013; Yardley et al., 2005). The Mini-Balance Evaluation System Test 

(Mini-BESTest) was used to assess the subject's functional balance performance including the 

anticipatory postural control, reactive postural control, sensory orientation, and dynamic gait (King 

& Horak, 2013). The Mini-BESTest was selected due to its established reliability and validity (Godi 

et al., 2013) together with its comprehensive evaluation of various balance dimensions, 

particularly for the sub-item of reactive balance, making it more relevant to the topic of this study 

than other clinical assessments (e.g., Timed Up and Go test, Berg Balance Scale). Then the 

participant’s dominant leg was determined through the use of three tests: the balance recovery 

test, the ball-kick test, and the step-up test (Hoffman et al., 1998). The leg that was used more 

frequently for stepping after being nudged forward, kicking a ball, and stepping onto a stair across 

a total of nine trials (three trials for each test) was identified as the dominant leg (Hoffman et al., 

1998). All subjective assessments were conducted by the same examiner. 

4.4.3 Perturbation Trials 

Experimental Set-Up 

A moving-platform perturbation system was used to induce the unexpected translational 

perturbations (Figure 4-1), with technical details reported in a previous study (Tong et al., 2023). 

Generally, the platform can move horizontally at a random starting time, with random moving 

direction and random moving distance/velocity/acceleration (related to different intensity) to 

constitute an unexpected balance perturbation to the subject standing on it. The whole-body 

kinematics were collected using an 8-camera motion capture system (Nexus 2.11, Vicon Motion 

Systems Ltd., Yarnton, UK) that sampled at 250 Hz. An eight-channel Trigno Wireless 
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Biofeedback System (Delsys Inc, Natick, MA, USA) that sampled at 2000 Hz was used to record 

the muscular electrical activities. The data collection was synchronized for the three systems 

(Tong et al., 2023).   

Protocol of Perturbation Trials 

The procedure of perturbation trials was briefed to the subject first. Subjects were informed in 

advance to wear their daily footwear, except impractical shoes such as sandals, high heels, ballet 

shoes and slippers. Each subject was given an identical type of tight shirt and shorts, to optimize 

the Vicon motion capture and the placement of retroreflective markers and EMG sensors. Before 

the perturbation trials, EMG sensors and retroreflective markers were placed on the subject. The 

eight wireless surface EMG sensors were placed on the eight dominant-leg muscles according to 

the recommendation of Surface ElectroMyoGraphy for the Non-Invasive Assessment of Muscles 

(SENIAM) project (Table 4-1) (Hermens et al., 2000). The major muscles relevant to ankle, knee 

and hip joint motions were selected, including tibialis anterior (TA), gastrocnemius medialis (GM), 

rectus femoris (RF), bicep femoris (BF), sartorius (SA), gluteus maximus (GMax), gluteus medius 

(GMed), and adductor maximus (AM). A standard skin preparation procedure included shaving, 

cleaning and slightly abraded with alcohol wipes before adhering the EMG electrodes. The 

sensors were applied on the skin with double-sided tapes (Trigno Sensor Adhesive Interface, 

Delsys, Boston, MA) with medical tapes to enhance fixation. Then a set of 39 retroreflective 

markers were attached to the bony landmarks of the head, torso, left and right upper limbs, pelvis 

and left and right lower limbs (Vicon Motion Systems Limited, 2021). All placements were 

conducted by the same examiner. 

The subject was then instructed to stand with two feet wearing shoes and shoulder-width apart 

on the middle of platform, and hold a light rod at waist level and close to the trunk to keep the 

arms from blocking the reflective markers. The subject was told to stand naturally and look forward 

at the beginning, try the best to maintain balance if feeling the perturbation, and then return to the 

original foot position marked by the dark-colored tapes as quickly as possible if they have moved 

the foot. A safety harness system (PG-360, Physio Gait Dynamic Unweighting System, Healthcare 

International Ltd., Langley, WA, USA) was equipped on each subject as a safety measure during 

the perturbation. 

Each subject then experienced four trials (each consisted of 12 random perturbations) covering 

a total of 48 unexpected balance perturbations (4 directions × 4 intensities × 3 repetitions), with 5 
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minutes of rest after each trial. The platform moved horizontally in a pre-determined direction and 

intensity first, then remained stationary for 12 seconds, and was finally pulled back to its original 

position. The triggering time, directions (anterior, posterior, medial, lateral), and intensities 

(highest, high, low, lowest) were randomized and blinded to the subject. Based on the human’s 

limits of stability in different directions and our pilot study results in young adults (Tong et al., 

2023), the highest intensity for the anterior, posterior, medial, and lateral directions corresponded 

to the platform’s moving distances of 2.67%, 4.00%, 5.33% and 5.33% of each subject’s height, 

respectively. Videos were recorded in real time during all perturbation trials to enable further 

observation and analysis of the balance control strategies manually. 

Table 4-1. Eight investigated dominant-leg muscles and placement locations for EMG sensors. 

Muscle Location of EMG sensor placement 

Hip adductor: 
Adductor magnus (AM) 

Halfway between the pubic tubercle and the medial femoral 
epicondyle 

Hip abductor: 
Gluteus medius (GMed) 

Halfway between the iliac crest to the greater trochanter 

Hip flexor: 
Sartorius (SA) 

At 8 cm distal from the ASIS towards the medial epicondyle of the 
femur 

Hip extensor: 
Gluteus maximus (GMax) 

Halfway between the sacral vertebrae and the greater trochanter 

Knee flexor: 
Long head of Bicep femoris (BF) 

Halfway between the ischial tuberosity and the lateral epicondyle of 
tibia 

Knee extensor: 
Rectus femoris (RF) 

Halfway between the anterior superior iliac spine (ASIS) and the 
superior border of the patella 

Ankle dorsiflexor: 
Tibialis anterior (TA) 

At 1/3 on the line between the tip of fibula and the tip of medial 
malleolus 

Ankle plantarflexor: 
Gastrocnemius medialis (GM) 

On the most prominent bulge of the muscle 

 

4.4.4 Data Processing  

The kinematic data including the whole body's center of mass (CoM), the hip, knee, and ankle 

joint motions were first processed using the Plug-in Gait full body model. Then the kinematic data 

and raw EMG data were further processed as below in a custom MATLAB program (MATLAB, 

The MathWorks, Inc., Natick, Ma, USA). The kinematic data were subtracted by the mean signal 

value of the 1000-ms baseline interval before the start of each perturbation for normalization. To 

obtain the CoM displacement relative to the base of support (BoS), the CoM displacement was 
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further subtracted by the displacement of the moving platform (Tong et al., 2023). The raw EMG 

signals were zeroed to the mean value of the entire perturbation trial, full-wave rectified, and low-

pass filtered at 4 Hz with a bi-directional 4th order Butterworth filer to obtain the envelope, then 

further divided by the mean signal value of the 1000-ms baseline interval before the start of 

perturbation trial for normalization (Tong et al., 2023; Zhu et al., 2022). 

Temporal parameters including the onset latency, time to peak, and burst duration, together with 

the amplitude parameters including the peak amplitude, rate of rise, and/or agonist-antagonist 

CCI were analyzed through a custom MATLAB algorithm (Figure 4-2). Within 2 seconds after the 

start of each perturbation, the onset was detected as the first point in time when the corresponding 

signal value exceeded five times of the standard deviation (SD) over the mean baseline value 

(mean + 5 SD), and the peak was identified as the point after the onset with the maximum signal 

value (Ling et al., 2020; Tong et al., 2023; Zhu et al., 2022). The reason for detecting onset and 

peak within 2 s after a perturbation was because participants were observed to recover balance 

within this duration following perturbations in the pilot study, and the kinematic or EMG reactions 

within this duration were considered meaningful to resist the sudden balance loss. Within 9 

seconds after the start of each perturbation, the offset was identified as the first point in time after 

the onset when the corresponding signal value dropped below five times the standard deviation 

over the mean baseline value (mean + 5 SD) (Hesam-Shariati et al., 2017). The baseline for the 

onset or offset detection was the 1000-ms interval of a signal before the start of each perturbation. 

The onset latency indicated the time delay from the start of perturbation to the signal onset, the 

time to peak indicated that from the start of perturbation to the signal peak, and the burst duration 

indicated that from the signal onset to offset. The rate of rise was determined as the gradient of 

the signal rise within a 50-ms period following the onset (Tong et al., 2023; Zhu et al., 2022). The 

agonist-antagonist CCI within the duration from two muscles’ later EMG onset to two muscles' 

earlier EMG offset was calculated based on the formula in Figure 4-2 (Di Nardo et al., 2022; 

Falconer, 1985; Thompson et al., 2018). For each parameter, the mean value of the three 

perturbations with the same direction and intensity was used in further statistical analyses. 

4.4.5 Statistical Analyses 

The statistical analyses were performed using SPSS (version 25.0) with the significance level set 

as 0.05. To examine the difference of baseline subjective assessment data between fallers and 

non-fallers, the independent sample t tests or Mann-Whitney U tests were used based on the data 

normality for continuous variables, and Chi-square tests were used for categorical variables. For 
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each parameter (i.e., onset latency, time to peak, peak amplitude, burst duration, peak amplitude, 

rate of rise, and/or agonist-antagonist CCI), a four-way analysis of variance (ANOVA) and post 

hoc pairwise comparisons with Bonferroni corrections were conducted to examine the effects of 

two fall histories, four perturbation directions, four perturbation intensities, and six postural sway 

directions/eight dominant-leg joint motions/eight dominant-leg muscles/four dominant-leg muscle 

pairs. When the onset of a signal was absent, the onset latency, time to peak, burst duration were 

filled with 2000 ms, 2000 ms, and 0 ms, respectively; while the peak amplitude, rate of rise, and 

agonis-antagonist CCI were all filled with 0. With samples of equal size, the ANOVAs were 

considered robust even when the assumptions of normality and homogeneity were not fully met 

(Portney, 2020). Given the objectives, this study focused on the interaction effects of fall history 

with other factor(s), the main effects of fall history when there were no significant interactions, and 

the simple effects of fall history when there were significant interactions.  

4.5 Results  

4.5.1 Subjective Assessment Results 

No adverse incident happened during all the experiments. There was no significant difference in 

the number of medications, age, body mass, height, foot length, BMI, short FES-I score or the 

PASE-C score between the participated older fallers and older non-fallers (Table 

4-2). Nevertheless, the Mini-BESTest score of fallers was significantly lower than that of non-

fallers (p < 0.05). 

4.5.2 Balance Control Strategies  

Fallers were more likely to have stepping responses than non-fallers. The unexpected 

translational perturbations mainly induced the feet-in-place strategies (567/576, 98.4%), and 

three subjects (3/12, 25.0%) had stepping responses following nine perturbations (9/576, 1.6%). 

Specifically, following three highest-intensity medial perturbations, one non-faller had the 

responses of the non-dominant leg including stepping toward the perturbation direction, 

performing leg abduction, and elevating the leg (3/576, 0.5%). One faller took a backward step 

using the non-dominant leg together with several small steps following a highest-intensity anterior 

perturbation (1/576, 0.2%). The other faller stepped backward using the non-dominant leg 

following the highest-intensity (2/576, 0.3%) and high-intensity (1/576, 0.2%) anterior 

perturbations. Additionally, this individual stepped toward the perturbation direction using both 

legs in response to a low-intensity posterior perturbation (1/576, 0.2%), and with the non-dominant 
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leg in response to a highest-intensity medial perturbation (1/576, 0.2%).  

4.5.3 CoM Displacements  

The mean changes in CoM displacements over time (n = 12, Figure 4-3) together with the onset 

latency, time to peak, peak amplitude, and burst duration of CoM displacement (mean  SD, n = 

12, Figure 4-4) are displayed for each postural sway direction, each perturbation intensity, and 

each perturbation direction in participated older fallers and older non-fallers.  

Four-way ANOVAs showed significant interaction effects of fall history and other factors on the 

onset latency (fall history × postural sway direction, p < 0.05), time to peak (fall history × postural 

sway direction, p < 0.05), and peak amplitude (fall history × direction × postural sway direction, p 

< 0.05) of CoM displacement.  

Figure 4-4 illustrates the significant differences between older fallers and older non-fallers. 

Compared to non-fallers, the fallers’ onset latency of CoM displacement was significantly longer 

in the backward direction, but significantly shorter in the forward and downward directions (p < 

0.05); the fallers’ time to peak CoM displacement was significantly longer in the backward 

direction, but significantly shorter in the downward direction (p < 0.05); the fallers’ peak CoM 

displacement was significantly larger in the forward and downward directions following anterior 

perturbations, in the backward direction following posterior perturbation, and in the forward 

direction following both the medial and lateral perturbations (p < 0.05).  

4.5.4 Dominant-leg Joint Motions 

The mean changes of dominant-leg joint motions over time (n = 12, Figure 4-5) together with the 

angle onset latency, time to peak angle, peak angle, and angle burst duration (mean  SD, n = 

12, Figure 4-6) are displayed for each joint motion, each perturbation intensity, and each 

perturbation direction in fallers and non-fallers. 

Four-way ANOVAs showed significant interaction effects of fall history and other factors on the 

angle onset latency (fall history × direction × joint motion, p < 0.05), time to peak angle (fall history 

× direction × joint motion, p < 0.05), peak angle (fall history × joint motion, p < 0.05), and angle 

burst duration (fall history × joint motion, p < 0.05).  

Significant differences between fallers and non-fallers are indicated in the Figure 4-6. Compared 
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to non-fallers, the fallers’ angle onset latency was significantly longer in the hip adduction, hip 

extension, and knee extension following anterior perturbations, and in the ankle plantarflexion 

following medial perturbations (p < 0.05); the fallers’ time to peak angle was significantly longer 

in the hip adduction, hip flexion, hip extension, and knee extension following anterior perturbations 

as well as in the ankle plantarflexion following medial perturbations, but was significantly shorter 

in the ankle plantarflexion following lateral perturbations (p < 0.05); the fallers’ peak angle was 

significantly larger in the hip flexion and knee flexion (p < 0.05); the fallers’ angle burst duration 

was significantly longer in the ankle dorsiflexion. (p < 0.05).  

4.5.5 EMG Signals of Dominant-leg Muscles 

The mean changes of EMG signals over time (n = 12, Figure 4-7) together with the EMG onset 

latency, rate of EMG rise, time to peak EMG amplitude, EMG burst duration, and agonist-

antagonist CCI (mean  SD, n = 12, Figure 4-8) are presented for each dominant-leg muscle 

(pair), each perturbation intensity, and each perturbation direction in fallers and non-fallers. 

Four-way ANOVAs showed significant interaction effects of fall history and other factors on the 

EMG onset latency (fall history × muscle, p < 0.05), rate of EMG rise (fall history × muscle, p < 

0.05), and EMG burst duration (fall history × muscle, p < 0.05; fall history × direction, p < 0.05). 

The main effect of fall history was observed at the time to peak EMG amplitude (p < 0.05) and the 

agonist-antagonist CCI (p < 0.05). 

Significant differences between fallers and non-fallers are indicated in the Figure 4-8. Compared 

to non-fallers, the fallers’ EMG onset latency was significantly longer for the hip flexor and hip 

extensor (p < 0.05); the fallers’ rate of EMG rise was significantly smaller for the ankle dorsiflexor 

but was significantly larger for the knee flexor (p < 0.05); the fallers’ time to peak EMG amplitude 

was significantly longer (p < 0.05); the fallers’ EMG burst duration was significantly longer for the 

hip abductor and ankle dorsiflexor, but was significantly shorter for the hip flexor (p < 0.05); the 

fallers’ EMG burst duration was also significantly longer following the anterior and posterior 

perturbations, but was significantly shorter following the medial perturbations (p < 0.05); the fallers’ 

agonist-antagonist CCIs were significantly smaller in the investigated muscle pairs (p < 0.05). 
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Table 4-2. Subjective assessment results (categorical variable: ratio; continuous variable: mean ± SD) of 
twelve subjects. 

  
Faller (n = 6, 3 male & 3 

female) 
Non-faller (n = 6, 3 male & 3 

female) 
Significance (p 

value) 

Number of falls 1.3 ± 0.5 0 / 

Number of medications 1.0 ± 1.1 0.3 ± 0.5 0.279 

Age (year) 71.5 ± 4.6 69.2 ± 2.9 0.316 

Body mass (kg) 55.6 ± 8.4 61.4 ± 13.0 0.381 

Height (cm) 157.9 ± 8.7 162.0 ± 7.9 0.406 

BMI (kg/m2) 22.2 ± 2.0 23.3 ± 4.4 0.587 

Leg length (cm) 77.3 ± 6.3 80.8 ± 4.6 0.297 

Dominant leg (right/left) 5/1 6/0 0.296 

Short FES-I (score) 12.2 ± 2.4 11.5 ± 6.0 0.332 

PASE-C (score) 139.5 ± 73.2 148.1 ± 34.6 0.802 

Mini-BESTest (score) 23.3 ± 1.5 26.0 ± 0.9 0.004 

BMI: body mass index. FES-I: fall efficacy scale-international. PASE-C: physical activity scale of elderly-Chinese. Mini-BESTest: 
mini-balance evaluation system test. 

 

 
 

Figure 4-1. The moving-platform perturbation system with the subject. 
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Figure 4-2. Illustrations of the analyzed temporal and amplitude parameters.  

EMG: electromyographic. 
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Figure 4-3. The mean forward/backward, medial/lateral, and upward/downward CoM displacements in fallers (n = 6) and non-fallers (n = 6) following 
perturbations with different directions and intensities.  

The red dotted line denotes the start of balance perturbation. CoM: center of mass. 
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Figure 4-4. Onset latency, time to peak, peak amplitude, and burst duration of CoM displacement (n = 6, mean  SD).  

Significant effects of fall history are indicated by the (p < 0.05). ** denotes the significant effect of fall history at a certain postural sway direction (“fall history × 
postural sway direction” interaction). * denotes the significant effect of fall history at a certain postural sway direction and following a certain direction of perturbation 
(“fall history × postural sway direction × direction” interaction).  
CoM: center of mass. SD: standard deviation. 



  

 
127  

 

 
 

Figure 4-5. The mean change for each of the eight dominant-leg joint motions in fallers (n = 6) and non-fallers (n = 6) following perturbations with 
different directions and intensities.  

The red dotted line denotes the start of balance perturbation. Add: adduction. Abd: abduction. Flex: flexion. Ext: extension. Dorsi: dorsiflexion. Plantar: plantarflexion. 
SD: standard deviation. 
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Figure 4-6. Onset latency, time to peak, peak amplitude, and burst duration of joint motion (n = 6, mean  SD).  

Significant effects of fall history are indicated by the (p < 0.05). * denotes the significant effect of fall history at a certain joint motion and following a certain 
direction of perturbation (“fall history × joint motion × direction” interaction). ** denotes the significant effect of fall history at a certain joint motion (“fall history × joint 
motion” interaction). Add: adduction. Abd: abduction. Flex: flexion. Ext: extension. Dorsi: dorsiflexion. Plantar: plantarflexion. SD: standard deviation. 
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Figure 4-7. The mean EMG signal change for each of the eight dominant-leg muscles in fallers (n = 6) and 

non-fallers (n = 6) following perturbations with different directions and intensities.  

The red dotted line denotes the start of balance perturbation. EMG: electromyographic. CCI: co-contraction index. 

SD: standard deviation. GMed: gluteus medius. SA: sartorius. RF: rectus femoris. TA: tibialis anterior. AM: adductor 

magnus. GMax: gluteus maximus. BF: biceps femoris. MG: gastrocnemius medialis. Add: adductor. Abd: abductor. 

Flex: flexor. Ext: extensor. Dorsi: dorsiflexor. Plantar: plantarflexor.  
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Figure 4-8. Onset latency, rate of rise, time to peak, burst duration, and agonist-antagonist CCI of EMG 

signal (n = 6, mean  SD).  

Significant effects of fall history are indicated by the (p < 0.05). *** denotes the significant main effect of fall 

history (no interaction of “fall history” and any other factor). ** denotes the significant effect of fall history at a certain 

muscle (“fall history × muscle” interaction). ## denotes the significant effect of fall history following a certain 

direction of perturbation (“fall history × direction” interaction). EMG: electromyographic. CCI: co-contraction index. 

SD: standard deviation. Add: adductor. Abd: abductor. Flex: flexor. Ext: extensor. Dorsi: dorsiflexor. Plantar: 

plantarflexor.  

 

 

4.6 Discussions 

This study comprehensively examined the effects of fall history on reactive standing balance 

in community-dwelling older adults, by focusing on dominant-leg muscle activities and joint 
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motions. Partially in line with our hypotheses, the effects of “fall history” on the investigated 

outcomes during reactive balance control interacted with the “muscle/joint motion/postural 

sway direction” and “perturbation direction” but not with the “perturbation intensity”. Specifically, 

compared to older non-fallers, older fallers demonstrated slowed activation of ankle/hip 

muscles while tending to use a suspensory strategy for reactive balance control, as supported 

by a series of neuromuscular alterations and joint kinematics. These new insights reflect 

possible reasons for fallers’ decreased balance capability and indicate their utilization of 

prolonged and enlarged (and even overreacted) compensatory strategies for preserving 

postural stability (Lin & Woollacott, 2002). Developing some future assessment tools based 

on the identified parameters may be helpful to screen and identify the fallers from non-fallers 

in the community-dwelling adults. Furthermore, interventions targeting these identified fall-

related alterations may lead to more effective solutions for improving reactive balance control 

and preventing recurrent falls in older fallers. Details are discussed below.    

4.6.1 Fallers Tended to Use Suspensory Strategies Following Unexpected 

Perturbations: Neuromuscular and Kinematic Mechanisms 

The primary finding of this study was that fallers have tended to use the suspensory strategy 

to maintain standing balance following the unexpected translational perturbations as 

compared to non-fallers. This strategy has enabled fallers to promptly compensate for their 

insufficient initiation of ankle and hip strategies, but it has led to their prolonged and overacted 

balance recovery.  

Fallers have exhibited a decreased speed in response to an unexpected threat of losing 

standing balance, as indicated by their decreased activation rate of ankle dorsiflexor and the 

delayed EMG onset timing of hip flexor/extensor compared to non-fallers. This could be 

attributed to the potential degradation in any components along the sensorimotor pathway, 

including sensory input (feedback from external perturbation), central organization, and motor 

output (Osoba et al., 2019). Ankle dorsiflexor's activation immediately following the start of 

perturbation has been in the first line to resist the sudden loss of balance, as this study 
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observed its largest rate of EMG rise among the eight dominant-leg muscles following both 

anteroposterior and mediolateral perturbations, and our pilot studies in young adults also 

reported this (Tong et al., 2023). With ageing, humans may shift from a distal-to-proximal 

strategy to a proximal-to-distal strategy to maintain balance, compensating for the difficulties 

of generating sufficient ankle torque (Woollacott, 1993). This study further proved that such 

phenomenon was more pronounced in older fallers than older non-fallers. On the other hand, 

fallers have shown delayed EMG onset timing of hip flexor and hip extensor, along with 

reduced EMG burst duration of hip flexor, compared to non-fallers. These alterations could 

partly restrict the initiation of the hip strategy, which is the second line of defense against the 

sudden loss of balance. The delayed activation of hip muscles aligns with and may be 

explained by previous morphological observations that, fallers had reduced density of skeletal 

muscle fibers and increased intramuscular adipose issues in gluteus muscles compared to 

non-fallers (Inacio et al., 2014). A prior study also reported delayed neuromuscular activation 

in reactive standing balance, with fallers exhibiting later EMG onset timing of hip abductor and 

knee flexor in the loading leg than non-fallers following the unexpected lateral perturbations 

exerted on the shoulder (Claudino et al., 2017). The discrepancy in the affected muscles could 

be attributed to the different perturbation methods. 

A series of kinematic and neuromuscular alterations in fallers when facing unexpected 

translational balance perturbations have indicated their prominent use of suspensory 

strategies as compared to non-fallers. In the absence of sufficient ankle and hip muscle 

activation, fallers have utilized the suspensory strategy, i.e., the third strategy to resist sudden 

loss of balance by lowering the CoM to increase limit of stability and absorb the external 

perturbation (Cheng, 2016; Kasahara et al., 2015; Nijhuis et al., 2007). The increased 

activation rate of knee flexor, generally decreased agonist-antagonist co-contraction of lower-

limb muscles, and larger knee/hip flexion in fallers may have facilitated this strategy. 

Interestingly, our findings differ from a prior study that reported no differences in postural sway 

timing or amplitude between fallers and non-fallers following lateral shoulder-impact 

perturbations (Claudino et al., 2017), suggesting that different body segment perturbations 
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may elicit distinct reactive balance control strategies. Additionally, while previous research 

linked greater co-contraction to more joint stability and poorer balance control (Falk et al., 

2022; Schulz et al., 2013), this study has observed that older fallers even with poorer balance 

performance than non-fallers (lower Mini-BESTest scores) were able to reduce agonist-

antagonist co-contractions of lower-limb muscles and achieve larger knee/hip flexion for a 

suspensory strategy. On top of them, this study has observed fallers with the longer activation 

durations of ankle dorsiflexor and hip abductor together with the longer ankle dorsiflexion 

duration than non-fallers, which may be necessary for maintaining a knee bending posture 

during the suspensory strategy. 

Fallers' balance control strategies in the current study, however, have required prolonged 

recovery time and caused overreactions. This is evidenced by their neuromuscular and 

kinematic alterations as below. Firstly, fallers' delayed time to peak activation may have 

suggested their reduced motor unit recruitment and firing rate in response to external 

perturbations (de Freitas et al., 2010). Secondly, fallers have shown longer time to peak hip 

flexion angle following anterior perturbations, longer burst durations of ankle dorsiflexion 

following all perturbations, and delayed timing of recovery joint motions following 

anterior/medial perturbations than non-fallers. Thirdly, both fallers and non-fallers have 

demonstrated the major postural sway that was opposite to the direction of an unexpected 

translational perturbation because of inertia (Tong et al., 2023), while fallers have shown larger 

overshooting postural sways when recovering to initial positions following the unexpected 

anteroposterior perturbations, as indicated by their larger forward peak CoM displacements 

following anterior perturbations and larger backward ones following posterior perturbations as 

compared to non-fallers. These findings have indicated that sudden perturbations could pose 

greater challenges to older fallers. Fallers' more prominent overshoots of backward postural 

sways, as compared to non-fallers, have also been previously reported following the anterior 

waist-pull perturbations (Ho & Bendrups, 2002). Additionally, a prior study found that fallers 

had more variable and delayed recovery steps than non-fallers in perturbed walking (Gerards 

et al., 2021), which could be corroborated by the observed fallers' larger overshooting postural 



  

 
134  

sways and delayed timing of overshooting lower-limb joint motions in this study. The slowed 

but exaggerated postural adjustments seemed to reveal the ineffective strategies used by the 

older adults with fall histories for reactive balance control. 

This study also observed large within-group variations in some of the analyzed parameters 

during reactive balance control. For example, although the faller group was identified to exhibit 

longer EMG onset latencies in hip muscles than the non-faller group, the within-group 

variations were large, as indicated by the standard deviations. This reflects the fact that even 

individuals with the same fall status may respond differently during reactive balance control. 

On the one hand, a previous study reported that fallers had a higher variation in walking 

stability than non-fallers after unpredictable perturbations (Gerards et al., 2021). Given its 

potential in differentiating fall status, the variability of reactive balance performance should not 

be neglected. On the other hand, analysis of individual variations in reactive balance control 

within the faller group (e.g., coefficient of variation) could be also crucial for understanding 

personalized balance intervention requirements, which merits further investigation. 

4.6.2 Fallers Had Altered Responses to Different Perturbation Directions 

The secondary finding of this study was that fall history showed interaction effects with 

perturbation direction, but not with perturbation intensity, on the older adults’ neuromuscular 

and kinematic responses during reactive balance control.  

Fallers have shown distinct responses to anteroposterior and mediolateral perturbations 

compared to non-fallers. Regarding the kinematics, a previous study reported the larger CoM 

path displacement in fallers compared to non-fallers following the mediolateral translational 

perturbations (Batcir et al., 2020). Our findings have further revealed that fallers’ larger 

postural sways were specifically in the forward direction following the mediolateral 

perturbations and fallers had overshooting postural sways following the anteroposterior 

perturbations. These responses could be partly attributed to fallers’ delayed timing of recovery 

joint motions compared to non-fallers following the anterior/medial perturbation. Regarding the 
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neuromuscular responses, fallers have exhibited longer EMG burst durations in dominant-leg 

muscles following anteroposterior perturbations compared to non-fallers. This could also 

explain fallers’ overshooting postural sways. Additionally, this could explain why fallers had 

more non-dominant leg stepping following anteroposterior perturbations than non-fallers, as 

more body weight was loaded on the dominant leg. Conversely, fallers have exhibited shorter 

EMG burst durations of dominant-leg muscles than non-fallers following medial perturbations, 

resulting in fallers’ fewer non-dominant leg steps following medial perturbations compared to 

non-fallers. 

Notably, this study has found no differences in the responses of fallers compared to non-fallers 

to varied intensities of unexpected perturbations. Previous studies reported the inconsistent 

results regarding the interaction effect of fall history and perturbation intensity on the stepping 

characteristics following waist-pull perturbations (Bair et al., 2016; Rogers et al., 2001). Our 

finding has further built on evidence following the unexpected translational perturbations and 

suggested that fallers’ neuromuscular/kinematic responses to the different intensities of 

perturbations, which primarily induced feet-in-place strategies, have been similar to those of 

non-fallers. 

4.6.3 Strengths and Limitations 

To the best of authors’ knowledge, this study offers a preliminary but more in-depth exploration 

of the differences in eight major lower-limb muscles’ activation or lower-limb joint kinematics 

during reactive balance control between older fallers and older non-fallers. With the 

comprehensive analyses of temporal and amplitude characteristics of these investigated 

signals, this study has built knowledge upon the prior investigations that focused on a limited 

number of muscles and EMG parameters, and has addressed the gap of limited research on 

joint kinematics in fallers vs. non-fallers. The mechanisms of fall-prone older adults’ decline of 

reactive balance control and compensatory strategies could be better understood with the 

findings of this study. 
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This study has several limitations that shall be acknowledged, and the findings shall be 

interpreted with caution.  

(1) Given the small sample sizes of recruited older fallers and older non-fallers, it should be 

noted that the findings of this pilot study using four-way ANOVAs can provide only preliminary 

insights. Results of alternative analyses for the “fall history” factor, using independent sample 

t-tests for normally distributed data and Mann-Whitney U tests for non-normally distributed 

data, are presented in the supplementary file of published article (Zhu, Hung, et al., 2025). An 

example of fall-related kinematic and neuromuscular differences following high or highest 

intensity of perturbations is presented in Table 4-3. Similar to the results of four-way ANOVA 

and post hoc pairwise comparisons, the results of independent sample t-tests (or Mann-

Whitney U tests) have demonstrated that fallers tended to use suspensory strategies to 

compensate for the delayed/reduced activation of ankle and hip muscles following unexpected 

moving-platform perturbations. 
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Table 4-3. Significant fall-related kinematic and neuromuscular differences following high or highest 

intensity of perturbations. 

Direction Intensity 

Muscle / Joint 

motion / Postural 

sway direction 

Parameter Unit 
Faller  

(n = 6) 

Non-faller  

(n = 6) 
p value 

Anterior Highest Hip adduction Time to peak angle ms 1610 ± 455 894 ± 190 0.005 

Anterior Highest Hip abduction Peak angle ° 2 ± 1 1 ± 1 0.031 

Anterior Highest Medial Time to peak COM displacement ms 720 (280) 1270 (532) 0.037 

Anterior High Knee flexion Time to peak angle ms 501 (537) 440 (33) 0.004 

Anterior High Downward Peak COM displacement mm 3 (15) 1 (2) 0.016 

Anterior High Medial Burst duration of COM displacement ms 600 (1086) 1603 (2278) 0.037 

Posterior Highest Ankle plantarflexion Peak angle ° 2 ± 1 4 ± 2 0.047 

Posterior High Knee extensor Rate of EMG rise baseline/s 17.4 ± 20.2 42.8 ± 15.3 0.034 

Posterior High Ankle plantarflexion Time to peak angle ms 1435 ± 299 979 ± 378 0.043 

Posterior High Hip extension Peak angle ° 1 ± 0 1 ± 0 0.031 

Medial Highest Hip adductor EMG onset latency ms 250 ± 75 170 ± 30 0.048 

Medial Highest Ankle plantarflexor EMG burst duration ms 154 ± 37 295 ± 85 0.004 

Medial Highest Ankle plantarflexion Angle onset latency ms 1382 ± 633 710 ± 202 0.048 

Medial Highest Knee extension Time to peak angle ms 1575 (954) 1987 (186) 0.036 

Medial High Hip extensor Time to peak EMG amplitude ms 288 (184) 243 (69) 0.025 

Medial High Ankle plantarflexor Rate of EMG rise baseline/s 27.3 ± 24.5 58.7 ± 23.1 0.045 

Medial High Hip extension Time to peak angle ms 1102 ± 757 2000 ± 0 0.034 

Medial High Downward Peak COM displacement mm 2 (5) 0 (1) 0.046 

Lateral Highest Hip extension Time to peak angle ms 2000 (383) 1247 (1662) 0.049 

Lateral High Hip flexor EMG onset latency ms 407 (677) 209 (63) 0.004 

Lateral High Knee flexor Rate of EMG rise baseline/s 36.4 (20.1) 9.1 (14.4) 0.037 

Lateral High Knee extensor EMG onset latency ms 546 (258) 237 (116) 0.006 

Lateral High Knee extensor Time to peak EMG amplitude ms 574 ± 147 336 ± 100 0.008 

Lateral High Downward Onset latency of COM displacement ms 245 (1400) 2000 (315) 0.021 

Lateral High Downward Time to peak COM displacement ms 623 (1256) 2000 (171) 0.021 

Lateral High Downward Peak COM displacement mm 1 (2) 0 (0) 0.049 

Note: For normally-distributed data, "mean ± standard deviation" is used to indicate descriptive statistics, and independent sample 

t test was used to examine the difference between older fallers and older non-fallers. For non-normally distributed data, "median 

(interquartile range)" is used to indicate descriptive statistics, and Mann-Whitney U test was used to examine the difference 

between older fallers and older non-fallers. " 
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(2) This study did not ensure that the faller and non-faller groups had matched ranges of 

motion in the investigated joints or muscle strength, which may confound the identified 

between-group differences in reactive balance performance. Additionally, this study only 

focused on reactive balance control in fall-prone people. It is important to note that the causes 

of loss of balance or falls are not confined to this and are multi-factorial (e.g., environmental 

factors).  

(3) Although diagnosis of cognitive impairment was an exclusion criterion for this study and 

the testers ensured participants understood task instructions, a clinical scale such as the 

Montreal Cognitive Assessment (MoCA) should be used to better quantify the older 

participants’ cognitive function in future research.  

(4) The cut-off frequency used for EMG low-pass filtering in this study may not be optimal for 

all of the investigated eight leg muscles. Further attempts are warranted to determine the cut-

off frequency for processing each respective muscle’s EMG signal based on the frequency 

spectrum analysis. Additionally, this study did not conduct maximal voluntary contraction tests 

but used the baseline EMG signal value in unperturbed standing for EMG amplitude 

normalization. It is therefore important to note that the rate of EMG rise and agonist-antagonist 

CCI in this study reflected the extent to which the perturbation task utilized the activation 

required for normal standing rather than the maximal activation.  

(5) This study did not explore gender-specific variations in balance control by having equal 

representation of male and female participants in a group. Future studies could consider 

specifically examining the gender-specific difference in older people with a larger sample size 

to address this issue. 

4.6.4 Implications for Future Clinical Practice 

This study has preliminary implications for assessing and training reactive balance control in 

future applications. On the one hand, the identified fall-related kinematic and neuromuscular 

factors may inform clinical practice. Reactive balance training may need to be prescribed more 



  

 
139  

for the community-dwelling older adults with fall histories in the future, considering their 

generally delayed peak activation of lower-limb muscles. A most recent review has reported 

that the perturbation-based balance training and stepping training can improve the slowed 

reaction time in confronting with sudden loss of balance (Bhagwat & Deodhe, 2023). This is 

promising as fallers’ degradation in neuromuscular timing can be modified. Our findings further 

imply that more focus/efforts may need to be put on the ankle and hip muscle power training 

in older fallers. Although the proximal hip and knee muscles were previously reported to be 

more affected with aging following unexpected perturbations (Hall & Jensen, 2002), the 

findings of this study may suggest that the training of ankle muscles should not be ignored, 

especially in older fallers.  

On the other hand, with the advancement of wearable sensors and real-time monitoring 

systems, future studies could also consider employing these tools to improve balance 

assessment and training in fall-prone individuals. Real-time monitoring and analysis of the 

reaction speed (e.g., EMG onset latency, rate of EMG rise) of an older client’s ankle dorsiflexor 

or hip flexor/extensor for reactive balance control may potentially enhance the fall-risk 

assessment on top of the current reactive balance test. The EMG-based biofeedback may 

potentially enhance power training for ankle or hip muscles, while the quantitative results on 

muscle reaction speed may help therapists offer more personalized feedback and guidance 

during reactive balance training. 

Nonetheless, we acknowledge that these implications need validation in future longitudinal 

studies with larger sample sizes, where the diagnostic accuracy of slower activation in ankle 

and hip muscles in differentiating older adults’ fall risks, as identified in this pilot study, should 

be examined. 

4.7 Conclusion 

This pilot study found that older fallers’ kinematic and neuromuscular alterations in resisting 

unpredictable translational perturbations could be indicators of both the decline and the 
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compensation of reactive balance control. Compared to non-fallers, fallers had a decreased 

activation rate in the ankle dorsiflexor and delayed activation in the hip flexor/extensor, thereby 

resorting to the suspensory strategy for quickly responding to external perturbations. The 

increased activation rate of knee flexor, decreased agonist-antagonist co-contraction of lower-

limb muscles, enlarged knee and hip flexion, and earlier downward postural sways in fallers 

could be the basis of their prioritizing of suspensory strategies as compared to non-fallers. 

However, fallers’ balance control strategies required prolonged recovery in lower-limb joint 

motions and caused overreactions in postural sways. A further longitudinal study with a larger 

sample is merited to verify these fall-related factors, which could enhance the identification of 

fall-prone people and provide insights for more targeted fall-prevention strategies.  
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Chapter 5 Exploring Reactive Balance Control Induced by Waist-
pull Perturbations in Young Adults (Study 3) 

5.1 Chapter Summary 

This chapter includes the contents of study 3 in this PhD project. On top of the findings of 

literature reviews on the lower-limb rapid strength and the response speed of reactive balance 

control, this study validated the customized waist-pull system for inducing reactive standing 

balance in young adults and focused on the response speed and sequence of multiple lower-

limb muscles/joint moments/joint powers/joint motions. 

This study has been published by the author of this thesis as an article in the journal of 

Biosensors-Basel. This article has an open access article distributed under the terms and 

conditions of the Creative Commons Attribution (CC BY) license 

(https://creativecommons.org/licenses/by/4.0/), and the authors retain its copyright. 
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Reprinted from Zhu, R.T.L., Lyu, P.Z., Li, S., Tong, C.Y., Ling, Y.T. and Ma, C.Z.H., 2022. 

How does lower limb respond to unexpected balance perturbations? New insights from 

synchronized human kinetics, kinematics, muscle electromyography (EMG) and 

mechanomyography (MMG) data. Biosensors, 12(6), p.430. 
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5.2 Abstract 

Making rapid and proper compensatory postural adjustments is vital to prevent falls and fall-

related injuries. This study aimed to investigate how, especially how rapidly, the multiple lower-

limb muscles and joints would respond to the unexpected standing balance perturbations. 

Unexpected waist-pull perturbations with small, medium and large magnitudes were delivered 

to twelve healthy young adults from the anterior, posterior, medial and lateral directions. 

Electromyographical (EMG) and mechanomyographical (MMG) responses of eight dominant-

leg muscles (i.e., hip abductor/adductor, hip flexor/extensor, knee flexor/extensor, and ankle 

dorsiflexor/plantarflexor) together with the lower-limb joint angle, moment, and power data 

were recorded. The onset latencies, time to peak, peak values, and/or rate of change of these 

signals were analyzed. Statistical analysis revealed that: (1) agonist muscles resisting the 

delivered perturbation had faster activation than the antagonist muscles; (2) ankle muscles 

showed the largest rate of activation among eight muscles following both anteroposterior and 

mediolateral perturbations; (3) lower-limb joint moments that complied with the perturbation 

had faster increase; and (4) larger perturbation magnitude tended to evoke a faster response 

in muscle activities, but not necessarily in joint kinetics/kinematics. These findings provided 

insights regarding the underlying mechanism and lower-limb muscle activities to maintain 

reactive standing balance in healthy young adults. 

5.3 Introduction 

Falls and fall-related injuries adversely affect about one-third of the older population globally 

(Kalache et al., 2007). To avoid a fall, it is vital to make prompt and proper postural adjustments 

to maintain or recover balance, i.e., keeping the center of body mass (CoM) within the base 

of support (BoS) (Pai et al., 2000). Reactive balance response, or compensatory postural 

adjustment (CPA), describes how human beings react to a sudden perturbation. It refers to 

the postural control and the activation of muscles after the central nervous system detects the 

balance perturbation (Chen et al., 2015). Throughout the pathway of motor output, an in-depth 

investigation of how the multiple lower-limb muscles and joints react rapidly to maintain 
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standing balance is needed, which can facilitate our better understanding of the mechanisms 

underlying CPAs and the fall-prevention strategies. 

CPAs can be rarely assessed in the subjective balance scales or questionnaires. Most of the 

clinical tests, e.g., the Berg Balance Scale (BBS), the Performance-Oriented Mobility 

Assessment (POMA), and the Short Physical Performance Battery (SPPB), evaluate only the 

anticipatory postural adjustments (APAs) by instructing clients to accomplish some predictable 

balance challenging tasks (Chen et al., 2015). An exception is the Mini Balance Evaluation 

Systems Test (Mini-BESTest), which includes the CPA assessment items by suddenly putting 

the clients’ bodies in anterior, posterior, and lateral inclined postures (Franchignoni et al., 

2010). The CPAs have been more widely studied in a variety of laboratory equilibrium-

disturbing or fall-simulation experiments, where the unexpected perturbations were exerted 

on different body parts (e.g., shoulder (Kanekar & Aruin, 2014), waist/pelvis (Inacio et al., 2019; 

Rietdyk et al., 1999; Vlutters et al., 2018), foot (Ma & Lee, 2017; Runge et al., 1999)) to disturb 

the original postural stability in either static (e.g., perturbed quiet standing (Inacio et al., 2019; 

Ma & Lee, 2017; Rietdyk et al., 1999; Runge et al., 1999), suddenly tether-released inclined 

standing (Hsiao-Wecksler, 2008)) or dynamic (e.g., induced slipping (Qu et al., 2012) or 

tripping (Mirjam Pijnappels et al., 2005; M. Pijnappels et al., 2005) during walking) states. 

These approaches make it possible to elicit the CPAs and evaluate the reactive balance 

capability in human beings.  

From externally to internally, the whole-body postural sways, the kinematics (e.g., angles) and 

kinetics (e.g., moments and power) of lower-limb joints, the contraction and activation patterns 

of lower-limb muscles can all affect how fast the CPAs are made. To quantitatively depict such 

rapid response, some parameters like the onset latency, the time to peak amplitude, and the 

rate of change were proposed. 

Regarding the whole-body postural sways, previous studies found that the center of pressure 

(CoP) had larger displacement than the CoM when responding to the unexpected balance 

perturbation (Kanekar & Aruin, 2014; Rietdyk et al., 1999; Zemkova et al., 2016). In this way, 
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the CoM was kept within the BoS and the standing balance could be maintained. In addition, 

the time to peak CoM displacement has been reported to vary following the different directions 

of unexpected platform movements (Ma & Lee, 2017). Regarding the lower-limb joint angles, 

the onset latencies of hip, knee, and ankle joint motions were studied: (1) during standing, 

with perturbation induced by a forward-moving (Hwang et al., 2009) or backward-moving 

platform (Runge et al., 1999) in the sagittal plane, and (2) during walking, with perturbation 

induced by waist-pulling (Vlutters et al., 2018). Regarding the lower-limb joint kinetics, 

previous studies analyzed: (1) the joint moment responses in the sagittal plane following 

balance perturbations induced by a backward-moving platform (Runge et al., 1999), (2) the 

hip and ankle moment responses (Rietdyk et al., 1999), and the hip power response (Inacio 

et al., 2019) in frontal plane following waist-pull perturbations. M. Pijnappels et al. (2005) also 

reported a smaller rate of ankle plantarflexion, knee flexion, and hip extension moment 

development in the sagittal plane in the stance leg of participants who fell after the 

experimentally induced tripping. However, previous kinetic analyses have put limited focus on 

the temporal parameters. It remained unclear how fast the multiple lower-limb joint moments 

and power would react to unexpected standing perturbations. It is expected that we could have 

a better understanding of how the hip, knee and ankle joints coordinate to maintain standing 

balance following perturbations, upon studying the exact time when various lower-limb joints 

begin to react and reach peaks. Further studies are needed. 

Regarding the lower-limb muscle electrical activities, previous studies have investigated the 

muscle’s EMG onset latencies (Bates et al., 2021; Blomqvist et al., 2014; de Freitas et al., 

2010; Hwang et al., 2009; Runge et al., 1999) and the time to peak of EMG amplitude (Bates 

et al., 2021; Blomqvist et al., 2014; de Freitas et al., 2010), following unexpected standing 

balance perturbations induced by a moving platform. Mirjam Pijnappels et al. (2005) found 

that in contrast to young people, older people showed increased onset latency and decreased 

rate of EMG rise in the dorsal muscles of the stance leg after unexpected tripping during 

walking. Previous studies also reported the age-related reduction in the hip 

abductors/adductors’ rate of EMG rise following unexpected standing balance perturbation 
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induced by the mediolateral waist-pulling (Inacio et al., 2019). However, most of these studies 

have only investigated the ankle/knee muscles’ EMG signals; and very limited previous studies 

have concurrently evaluated the rapid responses of hip abductor/adductors, hip 

flexor/extensor, knee flexor/extensor, and ankle dorsiflexor/plantarflexor. It is expected that 

studying multiple lower-limb muscles’ reactions and activation patterns could help further 

uncover the underlying mechanism of CPAs. In addition to EMG, mechanomyography (MMG) 

is another technology that can measure the lateral vibration and mechanical activities of 

skeletal muscles (Orizio, 1993). The onset latencies of EMG, MMG and joint moment signals 

may enable a more detailed characterization of the motor output pathway, and provide insights 

on whether the slower balance response is more attributed to the delayed neuromuscular 

activation, the delayed onset of muscle contraction, or the slower force propagation from 

muscle to tendon (E. Cè et al., 2020). Thus, MMG may serve as an additional tool to 

characterize the rapid responses of muscle contractile properties, and merits further studies. 

Humans react differently to the varying magnitudes of unexpected balance perturbations. With 

the increasing perturbation magnitudes, larger lower-limb joint responses and larger 

amplitudes of muscle activities would be evoked to maintain standing balance (Runge et al., 

1999). The larger perturbation magnitude could even alter the EMG onset sequence of lower-

limb muscles from distal-to-proximal to proximal-to-distal activation (Manchester et al., 1989), 

and change the pattern of postural adjustment from the “ankle strategy” to the “hip strategy”, 

“mixed ankle and hip strategy” or “stepping strategy” (Horak & Nashner, 1986; Shumway-Cook 

& Woollacott, 1995). However, previous studies have mostly reported the effects of different 

balance perturbations on the choice of responding strategies. It is still unclear whether the 

faster lower-limb responses are required to resolve a larger balance perturbation, which 

warrants further investigation. 

To fill the above-mentioned research gaps, this study aimed to comprehensively investigate 

and uncover the more in-depth underlying mechanisms of maintaining standing balance, by 

investigating how the multiple lower-limb muscles and joints react rapidly following balance 
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perturbations. It would answer the research questions of: (1) how do the onset latencies and 

the time to peak of the hip, knee, and ankle joints’ kinetic and kinematic data respond to the 

different magnitudes of waist-pull perturbation in sagittal and frontal planes; and (2) how do 

the onset latencies, the time to peak and the rate of rise of eight lower-limb muscles’ EMG and 

MMG data respond to the different magnitudes of waist-pull perturbation in sagittal and frontal 

planes. It was hypothesized that both the temporal parameters and the rate of change would 

be different across the eight lower-limb motions (hip abduction/adduction, hip 

flexion/extension, knee flexion/extension, and ankle dorsiflexion/plantarflexion), across the 

eight lower-limb muscles (hip abductor/adductor, hip flexor/extensor, knee flexor/extensor, and 

ankle dorsiflexor/plantarflexor), and across the three different perturbation magnitudes (small, 

medium, and large). 

5.4 Methods 

5.4.1 Participants 

A total of 12 healthy young adults aged 18-25 years old (6 males and 6 females) were recruited 

in this study through convenience sampling. Participants having any neuromuscular, 

orthopedic, or heart disease were excluded. Ethics approval was granted by the university’s 

Institutional Review Board (reference number: HSEARS20210122001). All participants signed 

the written informed consent before experiment. The whole experiment was accomplished in 

the Human Locomotion Laboratory (Department of Biomedical Engineering, The Hong Kong 

Polytechnic University).  

5.4.2 Equipment 

As shown in , the waist-pull system for inducing balance perturbations mainly involved: (1) an 

aluminum alloy frame, (2) four servo motors (130-07725AS4, Wenzhou Guomai Electronics 

Ltd., China), (3) four pulling strings, and (4) a safety harness. The four servo motors had a 

rated output power of 2000 W and a rated torque of 7.7 Nm. One end of the pulling string 

(1.2mm-diameter braided polyethylene wire) was wired around a 40 mm-diameter driving 

wheel connecting to the servo motor, and the other end went through a turn on the frame and 
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was tied to the belt worn by the participant at pelvis level. A commercially available harness 

system (PG-360, Physio Gait Dynamic Unweighting System, Healthcare International Ltd., 

USA) was used to prevent the participant from falling during the experiment. 

The 3D motion capture and analysis system (Nexus 2.11, Vicon Motion Systems Ltd., Yarnton, 

UK) was used to collect the pelvic and lower-limb kinematics and kinetics during the 

experiment. The sampling rates of the eight cameras (Vicon Vantage 5, Vicon Motion Systems 

Ltd., Yarnton, UK) and the two floor-mounted force plates (OR6, Advanced Mechanical 

Technology, Inc., Watertown, MA, USA) were 250 Hz and 1000 Hz, respectively. Based on the 

Plug-in Gait Full-body Model, a total of 39 reflective markers were attached to each 

participant’s anatomical landmarks, including four on head (bilateral front head, bilateral back 

head), five on torso (spinous process of the 7th cervical vertebra, spinous process of 10th 

thoracic vertebra, right scapula, sternal notch, xiphoid process of the sternum), four on pelvis 

(bilateral anterior superior iliac spine, bilateral posterior superior iliac spine), fourteen on each 

of bilateral upper limbs (bilateral acromion, upper arm, elbow, forearm, radial side of wrist, 

ulnar side of wrist, 3rd metacarpal head), and twelve on each of bilateral lower limbs (bilateral 

thigh, knee, shank, lateral malleolus, heel, 2nd metatarsal head) (Vicon Motion Systems & UK, 

2022). The waist-pull system and the Vicon system were synchronized.  

The synchronized eight-channel Trigno Wireless Biofeedback System (SP-W06-016, Delsys 

Inc., USA) was used for EMG and MMG data collection. Each Trigno Avanti Sensor (dimension: 

37 mm × 27 mm × 13 mm; mass: 14 g) comprised an EMG sensor (double-differential silver 

bar electrodes; electrode size: 5 mm × 1 mm; inter-electrode distance: 10 mm; common mode 

rejection ratio > 80 dB; amplifier gain: 909; analog Butterworth filter bandwidth: 20-450 Hz) 

and a 9-axis inertial measurement unit which involved a 3-axis accelerometer to serve as the 

MMG sensor. Based on the Surface ElectroMyoGraphy for the Non-Invasive Assessment of 

Muscles (SENIAM) guideline (Hermens et al., 1999), eight EMG and MMG sensors were 

placed longitudinally over the eight lower-limb muscles after skin preparation. The EMG and 

MMG signals were sampled at 2000 Hz and 250 Hz, respectively. 
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Table 5-1. Investigated muscles and locations of EMG sensor placement. 

Muscle Location 

Ankle dorsiflexor: 

tibialis anterior (TA) 

at 1/3 on the line between the tip of the fibula and the tip of the 

medial malleolus. 

Ankle plantarflexor: 

medial gastrocnemius (MG) 
on the most prominent bulge of the muscle. 

Knee extensor: 

rectus femoris (RF) 

halfway between the anterior superior iliac spine (ASIS) and the 

superior boarder of the patella. 

Knee flexor: 

semitendinosus (ST) 

halfway between the ischial tuberosity and the medial epicondyle 

of the tibia. 

Hip flexor: 

iliopsoas (IL) 
at 3–5 cm distal from the ASIS (Jiroumaru et al., 2014a). 

Hip extensor: 

gluteus maximus (GMax) 
halfway between the sacral vertebrae and the greater trochanter. 

Hip abductor: 

gluteus medius (GMed) 
halfway between the iliac crest to the greater trochanter. 

Hip adductor: 

adductor maximus (AM) 

halfway between the pubic tubercle and the medial femoral 

epicondyle (Hides et al., 2016). 

 

 

Figure 5-1. Experimental setup and the waist-pull system for inducing sudden balance perturbations in 

anterior, posterior, medial, and lateral directions. 
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5.4.3 Protocols 

2.3.1. Demographic Data Collection 

Each participant’s demographic data, including age, height, and body weight, was collected. 

Physical activity in the past 7 days and the degree of concerns over falling were evaluated via 

the International Physical Activity Questionnaire-Short version (IPAQ-S) (Lee et al., 2011) and 

the Fall Efficacy Scale-International (FES-I) short version (Kempen et al., 2008), respectively. 

The participant’s dominant leg was determined as the leg that made a step more often, in 

response to the six forward and backward shoulder nudges/pushes performed by the 

researcher (Hoffman et al., 1998). 

2.3.2. Instrumented Data Collection 

During preparation, the waist-pull system and hardness system were set up on each 

participant, ensuring that: (1) each participant stood with the two feet in shoes and shoulder-

width apart on the two force plates separately, (2) the belt was tied just above the height of 

posterior superior iliac spine (PSIS), and (3) the harness jacket would not restrict 

anteroposterior or mediolateral postural responses within a certain range (Bair et al., 2016). 

Each participant’s foot positions were then marked with dark-colored tapes, and the 

length/height of the harness system was fixed. Then, each participant was given five minutes 

to sit down and rest to avoid fatigue in the following formal perturbed standing trials.  

Before the balance perturbation, each participant was required to hold a light rod in front of 

the body at the waist level to make sure the reflective markers were detectable. They were 

instructed to “stand still and look forward; when perturbed by the pulling, try best to maintain 

postural balance without making steps; if the foot moves, try to return to the initial/original 

place marked by the dark-colored tapes as soon as possible.” Each participant was also 

instructed that after the start of pulling, their hands could respond freely (Bair et al., 2016). 
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Each participant accomplished three perturbed standing trials with a total of 36 waist-pulls (3 

magnitudes x 4 directions x 3 repetitions). The magnitudes (small, medium, and large), the 

directions (anterior, posterior, medial, and lateral), and the interval time between two pulls (12–

15 s) were pseudo-randomized for each participant. Participants were also blinded to the 

sequence of the waist-pulls during the experiment. Based on the results from our pilot study 

and the published literature, the maximal anterior, posterior, medial, and lateral pulling 

displacements were set as the 6% (Pai et al., 1998), 4% (Luchies et al., 1994), 8%, and 8% 

(Singh et al., 2017) of each participant’s height, respectively. The small, medium, and large 

pulling magnitude corresponded to the 1/3, 2/3, and 3/3 of the maximal pulling displacement, 

respectively. Each pull’s duration, displacement, and velocity were measured based on the 

flash time of infrared light, and the movement of the reflective markers fixed on the strings. 

Videos were taken to record each participant’s behavioral performance during the experiment. 

5.4.4 Data Processing  

The kinematic and kinetic data (i.e., joint angles, joint moments, joint power, CoM and CoP) 

were processed by using the Plug-in Gait Dynamic model of the Vicon system (Kadaba et al., 

1989). The CoP and joint moments were further filtered using a low-pass 4th order Butterworth 

filter with a 15 Hz cut-off frequency (Laudani et al., 2021). The CoM, CoP, joint angle, and joint 

moment data was zeroed to the mean of the 1000-ms baseline value before each separate 

pull.  

The muscle activity data as measured by the EMG and MMG sensors was processed by the 

MATLAB program (MATLAB 2019b, The MathWorks, Inc., Natick, MA, USA). The EMG data 

were zeroed to the mean values obtained from the whole perturbed standing trial, full-wave 

rectified, and low-pass filtered using a 4th order and bi-directional Butterworth filter with a cut-

off frequency of 4 Hz (Kim & Hwang, 2018). To extract MMG data, the accelerometry signals 

perpendicular to the skin, i.e., the z-axis components, were used and processed. The signals 

were firstly band-pass filtered using a 4th order Butterworth filter (5-50 Hz), then full-wave 

rectified, and further smoothed via a moving-average filter of temporal window of 0.1 s (Plewa 
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et al., 2018). The EMG or MMG signal envelope was then normalized to the 1000-ms baseline 

mean value at the beginning of each perturbed standing trial. 

The start of balance perturbation was defined as the time point when the motorized waist-pull 

system started running. The onset and peak points of various signals that reached the 

corresponding peak values were identified within 2 seconds after the start of balance 

perturbation. The onset time of body CoM, body CoP, joint angle, joint moment, joint power, 

muscle EMG, and muscle MMG data was defined as the first time point when the 

corresponding normalized signal/data value went beyond five times of the standard deviation 

(SD) from the baseline value (mean + 5SD) (Ling et al., 2020). The baseline value was 

calculated as the mean over the 1000-ms interval before the start of balance perturbation. As 

shown in ., the onset latencies were referred to as the time delays between the start of balance 

perturbation and the onset of the corresponding signals. The time to peak was referred to as 

the delayed time between the start of balance perturbation and the peak of the corresponding 

signal. The rate of EMG rise was referred to as the slope of EMG signal rise within the 50-ms 

interval after its onset.  

For each outcome (i.e., onset latency, time to peak, peak value, or rate of change), the three 

values following the three repeated perturbations in same direction and magnitude were 

calculated and averaged for each participant. These mean values of the 12 participants were 

used for the following statistical analysis.  
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Figure 5-2 Illustration of the definitions of outcome measures. 

 

5.4.5 Statistical Analyses 

Statistical analyses were performed using IBM SPSS version 25. Intraclass correlation 

coefficients (ICCs) were calculated to examine the test-retest reliability of three pulls with the 

same direction and magnitude. Two-way factorial analysis of variance (ANOVA) and post hoc 

pairwise comparisons with Bonferroni corrections were used to separately examine: (1) the 

effects of three different perturbation magnitudes and the spatial difference of eight muscles’ 

electrical and mechanical activities (for EMG and MMG signals; “magnitude” x “muscle”); (2) 

the effects of three different perturbation magnitudes and the lower-limb joint difference (for 

angle, moment and power data; “magnitude” x “joint motion”); and (3) the effects of three 

different perturbation magnitudes and the CoM-CoP difference (“magnitude” x “postural sway”); 

on the measured onset latency, the time to peak, the specific peak values, and/or the rate of 

increase. The significance level was set as 0.05.  

5.5 Results 

A total of 12 healthy young adults (age: 20.9 ± 0.7 years; gender: 6 males and 6 females; 

height: 169.9 ± 6.9 cm; weight: 58.3 ± 6.2 kg) participated in this study. No fall or other adverse 

events occurred during experiments, and participants all reported that the harness system did 
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not restrict their movements. As shown in , the ICC values demonstrated good test-retest 

reliability of the pulling duration, displacement, and velocity of the waist-pull system in this 

study. The mean and standard error values across the 12 participants are presented in the 

figures to illustrate the signal changes (i.e., CoM, CoP, angle, moment, power, EMG or MMG) 

following perturbations.  
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Table 5-2. Demographic data (mean ± SD) of twelve participants. 

 Female (n=6) Male (n=6) Total (n=12) 

Age (year) 21.0 ± 0.6 20.8 ± 0.8 20.9 ± 0.7 

Height (cm) 165.3 ± 4.8 174.5 ± 5.6 169.9 ± 6.9 

Body mass (kg) 57.3 ± 2.6 59.3 ± 8.7 58.3 ± 6.2 

BMI (kg/m2) 21.0 ± 1.2 19.4 ± 2.0 20.2 ± 1.8 

Dominant leg Right (n=6) Right (n=6) Right (n=12) 

Leg length (cm) 85.2 ± 3.2 88.8 ± 4.6 87.0 ± 4.3 

IPAQ-S (Kcal/week) 1 2089.4 ± 1965.5 2451.5 ± 1994.6 2270.5 ± 1897.4 

FES-I short version 2 10.2 ± 1.2 11.2 ± 4.8 10.7 ± 3.3 

1International Physical Activity Scale - Short version. 2Fall Efficacy Scale - International. 

 

Table 5-3. Mean and ICC values of pulling parameters examining the reliability of the waist-pull system 

(n=12). 

  Duration (s) 

Max. 

Displacement 

(cm) 

Normalized Max. 

Displacement 

(%height) 

Max. Velocity 

(m/s) 

Direction Magnitude Mean ICC Mean ICC Mean ICC Mean ICC 

Anterior 

Large 0.396 0.978* 11.4 0.987* 6.7% 0.971* 0.349 0.908* 

Medium 0.373 0.993* 7.4 0.991* 4.4% 0.983* 0.238 0.995* 

Small 0.347 0.984* 3.8 0.962* 2.2% 0.927* 0.127 0.778* 

Posterior 

Large 0.263 0.981* 7.0 0.927* 4.1% 0.847* 0.338 0.829* 

Medium 0.247 0.978* 4.7 0.964* 2.8% 0.909* 0.239 0.857* 

Small 0.231 0.968* 2.4 0.983* 1.4% 0.956* 0.124 0.994* 

Medial 

Large 0.531 0.984* 16.0 0.950* 9.5% 0.681* 0.351 0.716* 

Medium 0.498 0.993* 10.5 0.956* 6.2% 0.730* 0.252 0.759* 

Small 0.465 0.984* 5.3 0.964* 3.1% 0.807* 0.136 0.902* 

Lateral 

Large 0.530 0.954* 15.1 0.998* 8.9% 0.863* 0.317 0.982* 

Medium 0.498 0.967* 9.9 0.967* 5.8% 0.931* 0.240 0.943* 

Small 0.465 0.914* 4.9 0.995* 2.9% 0.869* 0.128 0.715* 

ICC: intraclass correlation coefficient. * Significant difference existed in the intraclass correlation coefficient test (p<0.05). 
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Under the small perturbations, all participants were observed to be able to keep their feet in 

place. Under the medium perturbations, the stepping of the dominant leg occurred once 

following the posterior pulls (1 out of totally 36 pulls; 1/36), the elevation of the dominant leg 

occurred following the medial pulls (1/36), and the elevation of nondominant leg occurred 

following the lateral pulls (1/36). Under the large perturbations, the stepping or elevation of the 

dominant leg occurred in one participant following the anterior pulls (3/36), in two participants 

following the posterior pulls (2/36), in seven participants following the medial pulls (15/36), and 

in two participants following lateral pulls (3/36); the stepping or elevation of nondominant leg 

occurred in one participant following the posterior pulls (1/36), in three participants following 

the medial pulls (8/36), and in five participants following lateral pulls (10/36). 

5.5.1 Whole-body CoM and CoP Displacement 

As shown in , the whole-body CoM and CoP displacements mainly moved toward the direction 

of waist-pull perturbation. As shown in , following the unexpected anterior perturbations, CoP 

showed significantly shorter onset latency of displacement, shorter time to peak displacement, 

and larger peak displacement than CoM (p<0.05). The larger perturbation magnitudes evoked 

significantly longer time to peak displacement and larger peak displacements (p<0.05).  

Following the unexpected posterior perturbations, CoP showed significantly shorter onset 

latency, shorter time to peak displacement under the medium and the small magnitudes, and 

larger peak displacement than CoM (p<0.05). The larger perturbation magnitudes evoked 

significantly larger peak displacements (p<0.05).  

Following the unexpected medial perturbations, CoP showed significantly shorter onset 

latency of displacement under the medium magnitude, shorter time to peak displacement 

under the large and the medium magnitudes, and larger peak displacement than CoM 

(p<0.05). The larger perturbation magnitudes evoked significantly shorter onset latency of 

CoM displacement, longer time to peak displacement, and larger peak displacements (p<0.05). 

Following the unexpected lateral perturbations, CoP showed significantly shorter onset latency, 
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shorter time to peak displacement, and larger peak displacement than CoM (p<0.05). The 

larger perturbation magnitudes evoked significantly shorter onset latency of displacement, 

longer time to peak displacement, and larger peak displacements (p<0.05). 

 

 

Figure 5-3. The mean whole-body CoM and CoP displacements of twelve participants following the 

unexpected anterior, posterior, medial, and lateral perturbations with three magnitudes (n=12).  

Mean CoM (A) and CoP (B) displacements following anterior and posterior perturbations; Mean CoM (C) and CoP 

(D) displacements following medial and lateral perturbations. (Note: The red dotted line indicated the start of pulling 

perturbation. CoM: center of mass; CoP: center of pressure. A: anterior; P: posterior; M: medial; L: lateral.) 
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Figure 5-4. The onset latency of displacement, time to peak displacement, and peak displacement of 

whole-body CoM and CoP following unexpected horizontal perturbations (mean ± SE, n=12).  

(Note: CoM: center of mass; CoP: center of pressure; SE: standard error;   or  : pairwise comparison. 

Significant differences in post hoc pairwise comparisons (p<0.05) were indicated by the: ** for the main effect of 

postural sway factor; * for the simple main effect of postural sway factor; ## for the main effect of magnitude factor; 

# for the simple main effect of magnitude factor.)  
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5.5.2 Lower-limb Joint Angles and Joint Power 

 shows the dominant-leg joint angle changes following the unexpected waist-pull 

perturbations. As shown in , following the unexpected anterior perturbations, the hip extension 

angle showed significantly shorter onset latency and time to peak angle than the hip flexion 

angle (p<0.05). Peak angles were not significantly different among the eight joint motions. The 

larger perturbation magnitudes evoked significantly larger peak angles (p<0.05). 

Following the unexpected posterior perturbations, significant within-joint differences were 

observed in the angle onset latency (knee flexion<extension; hip adduction<abduction; p<0.05) 

and the time to peak angle (knee flexion<extension; hip flexion<extension; p<0.05). The larger 

perturbation magnitudes evoked significantly larger peak angles in ankle dorsiflexion, knee 

flexion, and hip flexion (p<0.05). Under the large magnitude, peak angles of these three joint 

motions were significantly larger than the other five joint motions (p<0.05).  

Following the unexpected medial perturbations, the hip abduction angle showed significantly 

shorter onset latency than the hip adduction angle irrespective of perturbation magnitudes 

(p<0.05). Under the medium and the small magnitudes, significant within-joint differences 

were observed in the angle onset latency (hip flexion<extension; p<0.05) and the time to peak 

angle (hip abduction<adduction; hip flexion<extension; p<0.05). Under the medium magnitude, 

the knee flexion angle showed significantly shorter onset latency than the knee extension 

angle (p<0.05). The larger perturbation magnitudes evoked significantly larger peak angles in 

ankle plantarflexion, knee flexion, hip flexion, and hip abduction (p<0.05). 

Following the unexpected lateral perturbations, significant within-joint differences were 

observed in the angle onset latency (hip flexion<extension; hip adduction<abduction; p<0.05) 

and the time to peak angle (hip flexion<extension; hip adduction<abduction; p<0.05). Under 

the large magnitude, peak angles of ankle dorsiflexion, knee flexion, and hip flexion were 

significantly larger than the other five joint motions (p<0.05). 
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Figure 5-5. The mean dominant-leg joint angle changes of twelve participants following the unexpected 

anterior, posterior, medial, and lateral perturbations with three magnitudes (n=12).  

Mean hip adduction-abduction (A), hip flexion-extension (B), knee flexion-extension (C), and ankle dorsiflexion-

plantarflexion (D) angle changes following anterior and posterior perturbations; Mean hip adduction-abduction (E), 

hip flexion-extension (F), knee flexion-extension (G), and ankle dorsiflexion-plantarflexion (H) angle changes 

following medial and lateral perturbations. (Note: The red dotted line indicated the start of pulling perturbation. Add.: 

adduction; Abd.: abduction; Flex.: flexion; Ext.: extension; Dorsi.: dorsiflexion; Plantar.: plantarflexion. A: anterior; 

P: posterior; M: medial; L: lateral.)  
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Figure 5-6. The angle onset latencies, time to peak angle, and peak angles of eight lower-limb joint 

motions following unexpected horizontal perturbations (mean ± SE, n=12).  

(Note: SE: standard error;   or  : pairwise comparison. Significant differences in post hoc pairwise 

comparisons (p<0.05) were indicated by the: ** for the main effect of joint motion factor; * for the simple main effect 

of joint motion factor; ## for the main effect of magnitude factor; # for the simple main effect of magnitude factor.) 
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 shows the dominant-leg joint power changes following the unexpected waist-pull 

perturbations. As shown in , following the unexpected anterior perturbations, significant within-

joint differences existed in the power onset latency (hip power absorption<generation; p<0.05) 

and the time to peak power (hip power absorption<generation; knee power 

generation<absorption; p<0.05). Peak power responses in the hip, knee, and ankle joints were 

not significantly different. The larger perturbation magnitudes evoked significantly larger peak 

power responses (p<0.05). 

Following the unexpected posterior perturbations, significant within-joint differences existed in 

the power onset latency (hip power generation<absorption; knee power 

absorption<generation; p<0.05) and the time to peak power (hip power generation<absorption; 

knee power absorption<generation; p<0.05). Peak power generated in the hip joint was 

significantly larger than the absorbed (p<0.05). The larger perturbation magnitudes evoked 

significantly larger peak power responses (p<0.05).  

Following the unexpected medial perturbations, significant within-joint differences were 

observed in the power onset latency (hip power generation<absorption; knee power 

absorption<generation; p<0.05). Hip power generation showed the shortest time to peak 

among the six lower-limb joint power responses (p<0.05). Peak power responses in the hip, 

knee, and ankle joints were not significantly different. Generally, the larger perturbation 

magnitudes evoked significantly shorter power onset latency, longer time to peak power, and 

larger peak power (p<0.05). 

Following the unexpected lateral perturbations, significant within-joint differences in power 

onset latency were observed under the small (hip power absorption<generation; p<0.05) and 

the large magnitudes (ankle power absorption<generation; p<0.05). Knee power absorption 

showed a significantly shorter time to peak than a generation (p<0.05). Peak power absorbed 

in the hip joint was significantly larger than the peak power responses in knee and ankle joints 

(p<0.05). The larger perturbation magnitudes evoked significantly larger peak power 

responses (p<0.05). 
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Figure 5-7. The mean dominant-leg joint power changes of twelve participants following the unexpected 

anterior, posterior, medial, and lateral perturbations with three magnitudes (n=12).  

Mean hip (A), knee (B), and ankle (C) power generation and absorption following anterior and posterior 

perturbations; Mean hip (D), knee (E), and ankle (F) power generation and absorption following medial and lateral 

perturbations. (Note: The red dotted line indicated the start of pulling perturbation. A: anterior; P: posterior; M: 

medial; L: lateral.)  
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Figure 5-8. The power onset latencies, time to peak power, and peak power responses in lower-limb 

joints following unexpected horizontal perturbations (mean ± SE, n=12).  

(Note: Gener.: power generation; Absorp.: power absorption; SE: standard error;  or : pairwise comparison. 

Significant differences in post hoc pairwise comparisons (p<0.05) were indicated by the: ** for the main effect of 

joint motion factor; * for the simple main effect of joint motion factor; ## for the main effect of magnitude factor; # 

for the simple main effect of magnitude factor.) 
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Lower-limb Joint Moments 

 shows the dominant-leg joint moment changes following the unexpected waist-pull 

perturbations. As shown in , following the unexpected anterior perturbations, significant within-

joint differences existed in the moment onset latency (ankle dorsiflexion<plantarflexion; knee 

extension<flexion; hip flexion<extension; hip adduction<abduction; p<0.05) and the time to 

peak moment (ankle dorsiflexion<plantarflexion; knee extension<flexion; hip 

flexion<extension; p<0.05). Peak moments in ankle dorsiflexion, knee extension, and hip 

flexion were significantly larger than those in the other five joint motions (p<0.05). Particularly, 

under the medium and large magnitudes, the peak moment of ankle dorsiflexion was the 

largest among the eight joint motions (p<0.05). 

Following the unexpected posterior perturbations, eight joint motions showed no significantly 

different moment onset latencies. Significant within-joint differences existed in the time to peak 

moment (ankle plantarflexion<dorsiflexion; knee flexion<extension; hip extension<flexion; hip 

abduction<adduction; p<0.05). The peak moment of ankle plantarflexion was significantly 

larger than that of ankle dorsiflexion irrespective of perturbation magnitudes (p<0.05). Knee 

flexion showed a significantly larger peak moment than knee extension under the medium and 

the large magnitudes (p<0.05). 

Following the unexpected medial perturbations, significant within-joint differences existed in 

the moment onset latency (hip abduction<adduction; knee extension<flexion; hip 

flexion<extension; p<0.05). Hip abduction showed the shortest time to peak moment among 

the eight joint motions (p<0.05). Besides, significant within-joint differences existed in the time 

to peak moment (hip flexion<extension, knee extension<flexion; ankle 

plantarflexion<dorsiflexion; p<0.05) and the peak moment (hip flexion>extension; hip 

adduction>abduction; p<0.05). 

Following the unexpected lateral perturbations, significant within-joint differences existed in 

the moment onset latency (hip adduction<abduction; hip extension<flexion; knee 
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flexion<extension; ankle dorsiflexion<plantarflexion; p<0.05) and the time to peak moment (hip 

adduction<abduction; hip extension<flexion; knee flexion<extension; p<0.05). Under the 

medium and large magnitudes, the peak moment of hip adduction was the largest among the 

eight joint motions (p<0.05). In the sagittal plane, significant differences of peak moments were 

observed under the large (hip extension>flexion; knee flexion>extension; ankle 

dorsiflexion>plantarflexion; p<0.05) and the medium (hip extension>flexion; p<0.05) 

magnitudes.  summarized in what joint motions the more rapid moment response would 

occur following the four directions of waist-pull perturbations.  
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Figure 5-9. The mean dominant-leg joint moment changes of twelve participants following the 

unexpected anterior, posterior, medial, and lateral perturbations with three magnitudes (n=12).  

Mean hip adduction-abduction (A), hip flexion-extension (B), knee flexion-extension (C), and ankle dorsiflexion-

plantarflexion (D) moment changes following anterior and posterior perturbations; Mean hip adduction-abduction 

(E), hip flexion-extension (F), knee flexion-extension (G), and ankle dorsiflexion-plantarflexion (H) moment changes 

following medial and lateral perturbations. (Note: The red dotted line indicated the start of pulling perturbation. Add.: 

adduction; Abd.: abduction; Flex.: flexion; Ext.: extension; Dorsi.: dorsiflexion; Plantar.: plantarflexion. A: anterior; 

P: posterior; M: medial; L: lateral.)  
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Figure 5-10. The moment onset latencies, time to peak moment, and peak moments of eight lower-limb 

joint motions following unexpected horizontal perturbations (mean ± SE, n=12).  

(Note: SE: standard error;   or  : pairwise comparison. Significant differences in post hoc pairwise 

comparisons (p<0.05) were indicated by the: ** for the main effect of joint motion factor; * for the simple main effect 

of joint motion factor; ## for the main effect of magnitude factor; # for the simple main effect of magnitude factor.) 
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Figure 5-11. Rapid lower-limb joint moment responses evoked by the unexpected waist-pull perturbations. 

(Note that the right leg was the dominant leg. A: anterior pulls; P: posterior pulls; M: medial pulls; L: lateral pulls.)  

 

5.5.3 EMG Signals of Eight Lower-limb Muscles 

 demonstrates the dominant-leg muscles’ EMG signal changes following the unexpected 

waist-pull perturbations. As shown in , following the unexpected anterior perturbations, the 

ankle plantarflexor, ankle dorsiflexor, and knee flexor were in the queue with short EMG onset 

latencies, and the ankle plantarflexor showed a significantly shorter EMG onset latency than 

the other five muscles (p<0.05). Significant agonist-antagonist differences existed in the EMG 

onset latency (knee flexor<extensor; p<0.05) and the time to peak EMG amplitude (ankle 

plantarflexor<dorsiflexor; knee flexor<extensor; p<0.05). Ankle plantarflexor showed the 

largest rate of EMG rise among the eight lower-limb muscles (p<0.05). The larger perturbation 

magnitudes evoked significantly shorter EMG onset latencies and shorter time to peak EMG 

amplitude (p<0.05). 

Following the unexpected posterior perturbations, the ankle dorsiflexor, knee extensor, and 

hip abductor were in the queue with short EMG onset latencies, and the ankle dorsiflexor 

showed a significantly shorter EMG onset latency than the other five muscles (p<0.05). 

Significant agonist-antagonist differences were observed in the EMG onset latency (ankle 

dorsiflexor<plantarflexor; knee extensor<flexor; p<0.05) and the time to peak EMG amplitude 
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(ankle dorsiflexor<plantarflexor; knee extensor<flexor; p<0.05). The ankle dorsiflexor showed 

the largest rate of EMG rise among the eight lower-limb muscles (p<0.05). The larger 

perturbation magnitudes evoked significantly shorter EMG onset latencies (p<0.05). 

Following the unexpected medial perturbations ankle dorsiflexor, hip adductor, hip abductor 

and knee flexor were in the queue with short EMG onset latencies, and the ankle dorsiflexor 

showed a significantly shorter EMG onset latency than the remaining four muscles (p<0.05). 

Significant agonist-antagonist difference existed in the EMG onset latency (ankle 

dorsiflexor<plantarflexor; p<0.05) and the time to peak EMG amplitude (ankle 

dorsiflexor<plantarflexor; p<0.05). Except for the hip abductor, the ankle dorsiflexor muscle 

showed a significantly larger rate of EMG rise than the other six muscles (p<0.05). The larger 

perturbation magnitudes evoked significantly shorter EMG onset latencies, longer time to peak 

EMG amplitude, and a larger rate of EMG rise (p<0.05). 

Following the unexpected lateral perturbations, significant agonist-antagonist differences 

existed in the EMG onset latency (hip abductor<hip adductor; knee extensor<knee flexor; 

p<0.05) and the time to peak EMG amplitude (hip abductor<hip adductor; knee extensor<knee 

flexor; p<0.05). Except for the hip abductor, the ankle dorsiflexor showed a significantly larger 

rate of EMG rise than the other six muscles (p<0.05). In the frontal plane, the hip abductor 

showed a significantly larger rate of EMG rise than the hip adductor (p<0.05). The larger 

perturbation magnitudes evoked significantly shorter EMG onset latencies, longer time to peak 

EMG amplitude, and a larger rate of EMG rise (p<0.05). 
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Figure 5-12. The mean EMG signal changes of twelve participants for eight dominant-leg muscles following 

the unexpected anterior, posterior, medial, and lateral perturbations with three magnitudes (n=12).  

Mean EMG signal changes for hip abductor-adductor (A-B), hip flexor-extensor (C-D), knee extensor-flexor (E-F), 

and ankle dorsiflexor-plantarflexor (G-H) following anterior and posterior perturbations; Mean EMG signal changes 

of hip abductor-adductor (a-b), hip flexor-extensor (c-d), knee extensor-flexor (e-f), and ankle dorsiflexor-

plantarflexor (g-h) following medial and lateral perturbations. (Note: The EMG amplitude values were multiples of 

the 1000-ms baseline mean value before a pulling perturbation. The red dotted line indicated the start of pulling 

perturbation. EMG: electromyography. GMed: gluteus medius; AM: adductor magus; IL: iliopsoas; GMax: gluteus 

maximus; RF: rectus femoris; ST: semitendinosus; TA: tibialis anterior; MG: gastrocnemius medialis; A: anterior; P: 

posterior; M: medial; L: lateral.)  
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Figure 5-13. The EMG onset latencies, time to peak EMG amplitude, and rate of EMG rise for eight dominant-

leg muscles following unexpected horizontal perturbations (mean ± SE, n=12).  

(Note: Hip Add.: adductor magus; Hip Abd.: gluteus medius; Hip Flex.: iliopsoas; Hip Ext.: gluteus maximus; Knee 

Flex.: semitendinosus; Knee Ext.: rectus femoris; Ankle Dorsi.: tibialis anterior; Ankle Plantar.: gastrocnemius 

medialis. SE: standard error;   or  : pairwise comparison. Significant differences in post hoc pairwise 

comparisons (p<0.05) were indicated by the: ** for the main effect of muscle factor; ## for the main effect of 

magnitude factor.)   
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5.5.4 MMG Signals of Eight Lower-limb Muscles 

 demonstrates the eight muscles’ MMG signal changes following the unexpected waist-pull 

perturbations. As shown in , following all the four directions of unexpected perturbations, the 

hip abductor, hip flexor, and hip extensor were in the queue with short MMG onset latencies. 

Significant agonist-antagonist differences in MMG onset latencies were observed (hip 

abductor<adductor; p<0.05) following anterior, posterior, and lateral perturbations. The larger 

perturbation magnitudes evoked significantly shorter MMG onset latencies for all the four 

pulling directions (p<0.05). 

Regarding the time to peak MMG amplitude, significant agonist-antagonist differences were 

observed following anterior (hip abductor<adductor; p<0.05), posterior (hip abductor<adductor; 

p<0.05) and lateral (hip abductor<adductor; hip flexor<extensor; p<0.05) perturbations. The 

larger perturbation magnitudes evoked a significantly longer time to peak MMG amplitude 

following all the four directions of unexpected perturbations (p<0.05). 
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Figure 5-14. The mean MMG signal changes of twelve participants for eight dominant-leg muscles following 

the unexpected anterior, posterior, medial, and lateral perturbations with three magnitudes (n=12).  

Mean MMG signal changes for hip abductor-adductor (A-B), hip flexor-extensor (C-D), knee extensor-flexor (E-F), 

and ankle dorsiflexor-plantarflexor (G-H) following anterior and posterior perturbations; Mean MMG signal changes 

of hip abductor-adductor (a-b), hip flexor-extensor (c-d), knee extensor-flexor (e-f), and ankle dorsiflexor-

plantarflexor (g-h) following medial and lateral perturbations. (Note: The MMG amplitude values were multiples of 

the 1000-ms baseline mean value before a pulling perturbation. The red dotted line indicated the start of pulling 

perturbation. MMG: mechanomyography. GMed: gluteus medius; AM: adductor magus; IL: iliopsoas; GMax: 

gluteus maximus; RF: rectus femoris; ST: semitendinosus; TA: tibialis anterior; MG: gastrocnemius medialis; A: 

anterior; P: posterior; M: medial; L: lateral.)  
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Figure 5-15. The MMG onset latencies and time to peak MMG amplitude for eight dominant-leg muscles 

following unexpected horizontal perturbations (mean ± SE, n=12).  

(Note: Hip Add.: adductor magus; Hip Abd.: gluteus medius; Hip Flex.: iliopsoas; Hip Ext.: gluteus maximus; Knee 

Flex.: semitendinosus; Knee Ext.: rectus femoris; Ankle Dorsi.: tibialis anterior; Ankle Plantar.: gastrocnemius 

medialis. MMG: mechanomyography; SE: standard error;  or : pairwise comparison. Significant differences 

in post hoc pairwise comparisons (p<0.05) were indicated by the:** for the main effect of muscle factor; ## for the 

main effect of magnitude factor.)  
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5.6 Discussion 

With the innovatively synchronized measurement of postural sway, joint kinetics and 

kinematics, and muscle EMG and MMG activities, this study comprehensively investigated 

and uncovered how hip, knee, and ankle muscles and joints reacted to the unexpected 

perturbations in sagittal and frontal planes. Generally, this study observed that: (1) agonist 

muscles that resisted the perturbation had more rapid activation than the antagonist muscles; 

(2) among all agonist muscles resisting the perturbation, ankle muscles had the earliest and 

largest rate of activation in the sagittal or frontal plane; (3) CoP and lower-joint moments that 

followed the perturbation had faster increase; and (4) the larger magnitude of perturbations 

tended to induce faster responses in muscle activities, but not necessarily in joint motions. 

These findings not only build on our knowledge of how lower-limb muscles and joints respond 

to balance perturbations, but also facilitate future applied research on developing the targeted 

balance exercise program and/or the (robotic) assistive technologies/devices to prevent falls 

of older people and patients. More details can be found below. 

5.6.1 Faster Activation Occurred in Muscles Resisting Perturbations, 

especially for Ankle Muscles 

The primary finding of this study is that more rapid activation existed in the agonist muscles 

that resisted the pulling perturbations, as compared to the antagonist muscles; and ankle 

muscles appeared to have the earliest and most rapid activation in response to the 

perturbations in either sagittal (anterior & posterior) or frontal (medial & lateral) plane.  

This study observed that for anterior perturbation, muscles moving the body posteriorly (ankle 

plantarflexor, knee flexor) had early activation and reached the peak neuromuscular activation 

early. This is consistent with the previous finding that dorsal leg muscles (gastrocnemius, 

hamstrings) had earlier onset of reflexive activities than ventral muscles, following the 

unexpected perturbations induced by a backward-moving platform (Runge et al., 1999). The 

ankle plantarflexor also showed the largest rate of neuromuscular activation among the eight 

muscles in this study. The rate of EMG rise in the early phase (50 ms after the EMG onset) 
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has been reported as one key determinant of rapid force generation (Folland et al., 2014), and 

a large rate of dorsal leg muscles’ activation was important for preventing tripping (Mirjam 

Pijnappels et al., 2005). This study further suggested that among the eight lower-limb muscles, 

the ankle plantarflexor had the most rapid increase of muscle activities to resist the excessive 

anterior pulling perturbations.  

Similarly, this study observed that for posterior perturbation, muscles moving the body 

anteriorly (ankle dorsiflexor, knee extensor) had earlier activation and reached the peak 

neuromuscular activation earlier than their antagonist muscles. Such results are consistent 

with the previous studies that found shorter EMG onset latencies (de Freitas et al., 2010; 

Hwang et al., 2009; Tsai et al., 2014) and time to peak EMG amplitude (de Freitas et al., 2010) 

existed in the ventral leg muscles (TA and RF), following the unexpected perturbations induced 

by a forward-moving platform. Furthermore, this study also observed that the ankle dorsiflexor 

had a significantly larger rate of neuromuscular activation than the other seven lower-limb 

muscles. While limited previous studies investigated the rate of neuromuscular activation 

following balance perturbations, the findings of this study suggested that the ankle dorsiflexor 

was activated most rapidly in response to the posterior perturbation.  

This study also observed that for medial perturbation, the hip adductor and hip abductor had 

earlier activation; and for lateral perturbation, more lower-limb muscles, including the hip 

abductor, had earlier activation since more body weight was transferred to the dominant leg. 

This supported the previous studies’ finding that the declined rate of hip abductor/adductor 

activation correlated with a lower incidence of protective stepping following the unexpected 

lateral waist-pulls (Inacio et al., 2019). On top of this, this study further found that the ankle 

dorsiflexor’s rapid neuromuscular activation is essential for maintaining the mediolateral 

standing balance. 

5.6.2 Postural sway and Joint Moment Response Followed Perturbations 

The secondary finding of this study is that the CoP took less time to reach the peak 
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displacement and had a larger peak displacement than the CoM, and the joint moments that 

resisted the perturbation had an earlier and faster increase following the perturbation. 

This agrees with the inverted pendulum assumption that the distance between CoP and CoM 

displacements was correlated to the CoM acceleration (Rietdyk et al., 1999; Winter et al., 

1998). By moving the CoP quickly in the same direction as the sudden CoM displacement, the 

change in CoM would be decelerated and kept within the BoS (Rietdyk et al., 1999). Based 

on the current findings, it is also anticipated that the onset sequence of CoM and CoP may 

depend on the pulling direction. The anterior, medial, and lateral perturbation induced earlier 

onset of CoP, and the posterior perturbation induced earlier onset of CoM. This may be 

because the posterior perturbation is less anticipated and poses a higher risk of 

uncertainty/falls for participants, as compared to the other three directions. The previous study 

also reported earlier CoM displacement following the unexpected standing perturbations, and 

earlier CoP displacement following the anticipated perturbations (Santos et al., 2010). 

Concerning this, the findings of this study may further suggest that more reaction time is 

needed for making the compensatory postural adjustment (CPA) following the posterior 

perturbation or backward loss of balance. 

The observation that quicker and larger joint moments occurred to comply with the 

perturbation direction further supported the above-mentioned postural sway trend (i.e., CoP 

and CoM displacements). Specifically, for anterior perturbation, the ankle dorsiflexion, knee 

extension and hip flexion moments showed earlier onset, reached peaks faster, and reached 

larger peaks. Consequently, these joint moments drove the pelvis, thigh, and shank anteriorly, 

resulting in anterior CoP displacement. This is contrary to a previous study reporting earlier 

responses of ankle plantarflexion, knee extension, and hip extension moments following 

perturbation induced by a backward-moving platform, which caused also the sudden forward 

CoM displacement with respect to the BoS (Runge et al., 1999). This may be due to the 

different perturbation methods and magnitudes. The waist-pull perturbation in this study 

exerted perturbation at the proximal body part (at the pelvis), while that of using a moving 
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platform generated perturbation at the distal body part (at the foot). Further studies are needed 

to compare the two perturbation methods and verify this. 

Similarly, this study observed that posterior perturbation induced a quicker response in ankle 

plantarflexion, knee flexion, and hip extension moments to move lower limbs posteriorly. This 

finding is comparable to a previous study reporting earlier responses of ankle plantarflexion, 

knee extension, and hip extension moments, following posterior perturbation induced by a 

backward-moving platform (Runge et al., 1999). The different reaction at knee joint may be 

explained by the strategy in participants, where they may try to further lower the CoM by flexing 

the knee joints. The findings of this study provide evidence of the joint moment changes, in 

response to the posterior standing perturbations and sudden backward CoM displacement, 

which may have been unclear/unavailable previously. 

For medial perturbation, this study observed an earlier increase and earlier reaching of the 

peak for hip abduction moment, and a larger peak moment for hip adduction. This is consistent 

with a previous study, which observed sinusoidal response of hip adduction/abduction moment 

following inward pushes of the pelvis (Rietdyk et al., 1999). The firstly appeared increase of 

hip abduction moment may contribute to the quick medial CoP displacement, while the latter 

increase of hip adduction moment may be functioned to restore the CoP laterally and back to 

the dominant leg. The observed earlier/quicker moment increase in hip flexion, knee extension, 

and ankle plantarflexion of the dominant leg may add more evidence on the joint moment 

responses of the sagittal plane to the medial perturbations.   

For lateral perturbation, this study observed an earlier, quicker, and larger increase of hip 

adduction moment, leading to lateral CoP displacement. This echoes the previous study that 

reported increased corrective hip abduction moment after lateral pushes on the pelvis (Rietdyk 

et al., 1999). Additionally, this study observed the earlier and quicker increase of hip extension, 

knee flexion, and/or ankle dorsiflexion moments in the sagittal plane. While the faster response 

of knee flexion moment occurred in both the posterior and the lateral perturbation directions 

in this study, future studies are needed to verify if the knee flexion moment has functioned to 
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lower the CoM and maintain standing balance by investigating the superior-inferior or vertical 

movement of CoM following a perturbation. These findings build on our knowledge and 

understanding regarding the detailed CoP, CoM, and joint moment reactions immediately after 

the perturbations. 

5.6.3 Lower-limb Responses Tended to be Affected by the Varying 

Perturbation Magnitudes  

The tertiary finding of this study is that in general, the rapid responses of lower-limb muscle 

activities tended to be proportional to the perturbation magnitude levels. More specifically, this 

study observed that the larger magnitude of perturbations evoked earlier onset of lower-limb 

muscle EMG and MMG activities, following all four directions of waist-pull perturbations. This 

was consistent with the previous finding that the increasing magnitude of forward (Hwang et 

al., 2009; Lin & Woollacott, 2002) and backward (Runge et al., 1999) moving-platform 

perturbation could result in shorter EMG onset latencies of leg muscles, but was contrary to 

another study that found no effects of varying perturbation magnitudes on the leg muscles’ 

EMG onset latencies (anterior & posterior) (Szturm & Fallang, 1998). The disparity may be 

caused by the different range of velocities used for perturbation magnitudes. On top of the 

previous findings, this study supported that in the frontal plane (medial & lateral), earlier onset 

of muscle activities may also be evoked by the larger perturbation magnitude. Further, this 

study observed that the larger magnitude of perturbations evoked a larger rate of EMG 

activation, and a longer time to peak muscle EMG and MMG activities, following medial and 

lateral perturbations. To the knowledge of the authors, previous studies reported little on the 

rate of EMG rise and the time to peak muscle activity in response to the different levels of 

balance perturbations. These results collectively suggested that for young adults, the lower-

limb muscle activities appeared to have the below responses to accommodate a larger 

magnitude of waist-pull balance perturbation: starting earlier, increasing faster immediately 

after start, and keeping in activation for a longer time. 

Similar to the previous findings (Runge et al., 1999; Szturm & Fallang, 1998; Zemkova et al., 
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2016), the peak responses of CoM displacement, CoP displacement, lower-limb joint moments, 

power, and angles were observed to be proportional to the perturbation magnitudes in this 

study. By contrast, this trend was not observed for the rapid responses of these parameters 

which appeared to vary for different perturbation directions. The perturbation magnitudes were 

position- and velocity-controlled in this study, and the pulling durations of “small”, “medium” 

and “large” magnitudes were set to be the same. This may explain why the onset latencies 

and time to peak following some directions of pulls were not proportional to the perturbation 

magnitudes. Nevertheless, following the medial perturbation, lower-limb joint rapid responses 

were all found to be affected by the different perturbation magnitudes. This may account for 

why the stepping strategies and the foot elevations were more frequently observed under the 

large magnitude of the medial perturbation. Future studies can be conducted to verify this.  

In addition, this study could be innovative in using the balance perturbations that were tailored 

to the participant’s stature. Some previous studies have attempted to normalize the force of 

perturbation to the bodyweight (Vlutters et al., 2018). However, regarding the position-

controlled perturbations, very few attempts have been made to minimize the possible 

confounding effects of body height. The different perturbation magnitudes, i.e., pulling 

displacements, were divided by the participant’s height in this study, which may make the 

finding of different perturbation magnitudes’ effects on balance response more reliable and 

generalizable. 

5.6.4 Rapid Power and Angle Responses Were Consistent in Proximal Joints 

Regarding the joint angle and power responses, this study observed that the unexpected 

waist-pull perturbations would evoke the rapid power and angle responses more consistently 

in hip and/or knee joints, which are proximal lower-limb joints. Joint power was calculated by 

multiplying the angular velocity with the joint moment. Thus, the power generation would 

indicate a joint’s accelerating motion, and the power absorption would indicate a joint’s 

decelerating motion. The onset latency and time to peak results of this study may thus suggest 

that the anterior, posterior, medial, and lateral perturbations would evoke an earlier hip 
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decelerating extension motion, earlier knee decelerating flexion motion, earlier hip 

accelerating abduction motion, and earlier abduction and flexion motions, respectively. 

Previous studies have rarely reported the onset sequence or the sequence of reaching a peak 

in hip, knee, and ankle joint motions following waist-pull perturbations. One study reported that 

the suddenly forward-moving platform evoked early joint motions of ankle plantarflexion, knee 

extension, and hip extension (Hwang et al., 2009), which has been different from the early 

onset of joint motions following anterior/posterior waist-pulls in this study. Such differences 

may be caused by the different perturbation locations. Consistent rapid response of joint angle 

and power at the proximal lower-limb joints maybe because the pulling perturbations were 

exerted on the pelvis. The proprioceptive receptors in hip and/or knee joints may detect the 

perturbation signal earlier, leading to more consistent compensatory responses than the ankle 

joint. Further studies are needed to verify this. 

5.6.5 Rapid Response of MMG Signals Occurred in Hip Muscles 

This study applied the MMG technology, in an attempt to preliminarily investigate the muscle 

mechanical activities in response to the sudden perturbations. The detected MMG onset 

latencies were earlier than those of EMG signals, which did not adhere to the temporal 

sequence that the onset of electrical activity measured by EMG should precede the onset of 

muscle vibration measured by MMG (E. Cè et al., 2020; Ling et al., 2020). This indicates that 

the detected rapid response of MMG signals in this study may not be generated by the active 

and voluntary muscle contraction, but by the passive and involuntary muscle movement 

following the waist-pull perturbation instead. This is further supported by the observed earliest 

MMG onset latencies at hip muscles, which have been the closest to the perturbation location 

in this study. While previous studies have reported the reliable use of MMG to reflect the onset 

of muscle’s voluntary isometric or concentric contractions in sitting and static positions (Ling 

et al., 2020; Smith et al., 2017), this study preliminarily applied it in standing and dynamic 

situations. However, it should be noted that the current processing method of MMG signals 

was not able to exclude the noise of passive body-segment movements caused by waist-pull 
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perturbations, and the presented results were not generated by the active and voluntary 

muscle contraction in response to the sudden waist-pull perturbation. Previous studies have 

also reported that the location of the sensor influenced the captured MMG signals (Cescon et 

al., 2004). Further optimization of the algorithm and experimental set-up is needed to identify 

an optimal sensor location and achieve the accurate estimation of lower-limb muscles’ active 

and voluntary rapid contractile responses during dynamic standing situations in the future. The 

findings of this study on MMG data may serve as a steppingstone and inspire future studies. 

It may also help to apply some ultrafast imaging technologies to visualize the muscle activity 

from outside to inside of the human body (Ling et al., 2020; Lyu et al., 2022; Ma, Ling, et al., 

2019). 

5.6.6 Limitations 

There are several limitations of this study. Firstly, this study normalized the EMG or MMG 

signals with reference to the baseline value during unperturbed standing. After carefully 

reviewing the Consensus for Experimental Design in Electromyography (CEDE) 

recommendations (Besomi et al., 2020) and the current study’s protocol, the current practice 

of amplitude normalization may be acceptable. However, considering the leg muscles’ rapid 

activation, e.g., rate of EMG rise, would be affected by the normalization method, future efforts 

should be made to identify an optimal normalization procedure of the EMG/MMG signals in 

balance-perturbation-related studies.  

Secondly, the EMG sensor placement in this study was based on clinical practice and 

somewhat obsolete. Future studies shall optimize the EMG electrode locations based on the 

innervation zone of each muscle (Barbero et al., 2012). It is also possible that the crosstalk 

between the EMG of the investigated muscles may exist in this study, although such crosstalk 

shall be minimal, since the anatomical positions of investigated muscles, the locations of EMG 

sensor placement, and the design of EMG sensors have been carefully reviewed and 

determined based on the available guidelines in this study.  
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Thirdly, it appeared that the processed onset latencies of MMG signals in this study were due 

to the inertia and involuntary muscle movement following the sudden waist-pulling passively, 

rather than the active and voluntary muscle contraction in response to the perturbation. More 

efforts are needed to look into how to distinguish and extract the MMG signals generated from 

the active and voluntary muscle contraction from those generated from the passive and 

involuntary muscle movement in the future.  

Another limitation is that a small number of healthy young participants were recruited in this 

pilot study. It should be noted that the range of 12 participants’ lower-limb responses was 

generally large for the captured signals, except for the postural sway signals. The large range 

could partly be caused by the sampling error of small sample size. A larger sample size will 

be needed to reduce the effects of between-individual difference on the outcomes. In addition, 

the specific sudden pulling direction and magnitude was randomized and blinded to each 

participant during the experiment, and the mean value of the three repeated perturbation trials 

was used for statistical analysis in this study. It is so far unclear how the first trial reaction may 

influence the results and may be investigated in the future. 

5.7 Conclusions 

This study observed that the agonist muscles resisting perturbation had more rapid activation 

than the antagonist muscles; among all agonist muscles resisting the perturbation, the ankle 

muscles had the earliest and largest rate of activation in the sagittal or frontal plane; the 

postural sway and joint moments that followed the perturbation had earlier and faster increase; 

and larger magnitude of perturbations tend to induce earlier responses in muscle activities, 

but not necessarily in joint motions in healthy young adults. These findings enriched our 

knowledge of how multiple lower-limb muscles and joints coordinated to quickly make 

compensatory postural adjustments (CPA) and highlighted the important role of ankle muscles’ 

rapid response in maintaining reactive standing balance. 
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Chapter 6 Exploring Reactive Balance Control Induced by Waist-pull 
Perturbations in Older Adults (Study 4) 

6.1 Chapter Summary 

This chapter includes the contents of study 4 in this PhD project. In the previous studies of this 

PhD project, the customized waist-pull system has been validated in young adults (study 3), and 

the neuromuscular/kinematic responses following sudden balance loss induced by the moving-

platform system have been preliminarily investigated in a relatively small size of older fallers and 

older non-fallers (study 2). On top of them, the study 4 further investigated the 

neuromuscular/kinematic/kinetic responses in reactive balance control induced by the 

unexpected waist-pull perturbations in a justified sample size of older fallers and older non-fallers, 

and examined what responses could predict the older adults’ prospective falls. 

6.2 Abstract 

The causal relationships between the neuromuscular/kinetic/kinematic responses following 

sudden balance loss and the falls remain unknown. This study retrospectively assessed the 

reactive balance in 72 community-dwelling older adults (i.e., 36 fallers vs 36 non-fallers), and 

prospectively tracked their fall incidence over 1 year.  

In cross-sectional analyses, the older fallers have utilized increased ankle muscles’ activation to 

compensate for the insufficient activation of hip abductor and hip extensor following sudden 

balance loss; however, this seemed not to be an effective strategy as they required enlarged 

lower-limb joint moments/powers/motions and postural sways during balance recovery in contrast 

to the older non-fallers. 

In prospective cohort analyses, older adults’ high fall risks have been predicted by the hip 

abductor’s insufficient activation, especially the reduced rate of EMG rise, after sudden balance 

losses in both sagittal and frontal planes. The more absorbed hip/knee joint powers and 

insufficient hip/knee joint motions in response to sudden balance loss, especially mediolateral 

balance loss, have also indicated the older adults’ fall risks.  

Together, these findings supported the measurement of hip abductor’s activity during reactive 

balance control to enhance a more sensitive fall-risk assessment among the older people. 

Findings of this study also implied that exercises or rehabilitation training could be targeted on 

the proximal leg joints/muscles, especially the hip abductor, to enhance the fall-prevention effects 
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in older adults. Moreover, the identified neuromuscular/kinematic/kinetic parameters in this study 

could serve as the multimodal dataset for the design of robotic assistive devices (e.g., the 

powered lower-limb exoskeleton) to provide support for the fall-prone older population to have the 

effective reactive balance control strategies. 

6.3 Introduction 

Falls and the resulting injuries/deaths have negative impacts on older individuals around the world 

(World Health Organization, 2021). Each year, about one in three older people experiences a fall; 

in addition, it was estimated that 37.3 million severe falls required medical attention worldwide 

(Moreland et al., 2020; World Health Organization, 2021). Despite the implementation of multi-

dimensional fall-prevention strategies, the effectiveness of reducing falls, particularly in older 

people who had fall histories (i.e., fallers), has been limited (de Vries et al., 2010). Fallers also 

have higher odds of future falls than non-fallers (Deandrea et al., 2010). Considering that balance 

and gait disorders are the primary major contributors to falls in older people (World Health 

Organization, 2021), a sensitive and accurate assessment of balance control is essential to 

identify the older adults that are prone to falls early. However, most clinical tests are assessing 

the volitional balance control. Only a limited number of clinical tests are available to assess 

reactive balance control, and their evaluations are based on the clinician's observation/scoring of 

how many steps the client makes after being suddenly released/pulled. Some more intrinsic but 

modifiable factors influencing reactive balance control in older fallers, or those predictive of future 

falls, may remain undiscovered. Targeting them may enhance a more effective fall-prevention 

management. 

Through biomechanical and neuromuscular analyses in humans, various strategies for reactive 

balance control involving the lower limbs have been identified to avoid a real fall (Kasahara & 

Saito, 2021; Tong et al., 2023; Zhu et al., 2024; Zhu et al., 2022). In contrast to young adults, older 

adults could demonstrate a greater reliance on proximal leg muscles and joints over distal ones 

(Hall & Jensen, 2002; Osoba et al., 2019), and could have more stepping responses for reactive 

balance control following unexpected perturbations (Mille et al., 2013; Mille et al., 2005). 

Nevertheless, age-related changes following sudden balance loss do not necessarily equate to 

fall-risk factors due to the potential confounding influence of age. It is therefore essential to 

conduct specific comparisons between the age-matched older adults who had fall histories and 

those who did not have fall histories (i.e., fallers vs. non-fallers) or conduct direct investigations 

into balance control alterations that could predict future falls with age controlled.  
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For the previous studies investigating how the older adults' fall histories or fall risks were related 

to the reactive balance control performance, they mostly analyzed stepping responses and whole-

body postural sways (Bair et al., 2016; Batcir et al., 2020; Gerards et al., 2021; Maki et al., 1994; 

Mille et al., 2013; Sturnieks et al., 2013; Tantisuwat et al., 2011), while the specific joint motions 

(Zhu et al., 2024), joint moments, joint powers, or muscle activities (Claudino et al., 2017; Ochi et 

al., 2014; Studenski & Chandler, 1991; Thompson et al., 2018; Zhu et al., 2024) were less focused. 

Regarding the older adults' prospective fall risks, they could be predicted by the slower center-of-

pressure (CoP) displacement for maintaining mediolateral feet-in-place balance (Maki et al., 1994) 

and the delayed initiation for a backward step (Sturnieks et al., 2013). Regarding the older adults' 

fall histories, fallers could have more unloaded-leg stepping responses (Bair et al., 2016) and 

slower stepping responses (Batcir et al., 2020) following mediolateral perturbations but could have 

faster stepping responses following anteroposterior perturbations (Tantisuwat et al., 2011). 

However, the more rooted biomechanical and neuromuscular fall-related factors have been less 

investigated. Firstly, previous investigations comparing fallers and non-fallers have analyzed 

lower-limb EMG signals and joint motions following sudden balance loss, but these studies have 

been insufficient. Many of these studies focused on a limited set of muscles [i.e., ankle 

dorsiflexor/plantarflexor (Claudino et al., 2017; Ochi et al., 2014; Studenski & Chandler, 1991; 

Thompson et al., 2018), knee flexor/extensor (Claudino et al., 2017; Ochi et al., 2014; Thompson 

et al., 2018), and/or hip abductor (Claudino et al., 2017)], with the only one (Claudino et al., 2017; 

Studenski & Chandler, 1991; Thompson et al., 2018) or a few (Ochi et al., 2014) timing and 

amplitude parameters of electromyographic (EMG) signals analyzed in each study. A full picture 

on fallers and non-fallers’ activation rate, peak activation, and agonist-antagonist co-contraction 

of hip, knee, and ankle muscles during reactive balance control was still unclear. Further, our 

previous study with a small sample size of fallers and non-fallers preliminarily investigated the 

lower-limb joint motions and the responses of more lower-limb muscles following unexpected 

moving-platform perturbations, by involving a more detailed analysis of the timing and magnitude 

characteristics (Zhu et al., 2024). Fallers were observed with a series of neuromuscular and 

kinematic alterations, indicating a preference for utilizing the suspensory strategy to compensate 

for inadequate initiations of ankle strategy and hip strategy compared with non-fallers (Zhu et al., 

2024). Such investigation in a larger sample size of fallers and non-fallers is merited to provide 

more convincing evidence. Secondly, to the best of authors' knowledge, the alterations of specific 

lower-limb joint powers and moments during reactive balance control that were related to fall 

histories have been scarcely reported. More importantly, while the previous prospective cohort 

studies reported the whole-body postural sways and stepping characteristics that could predict 
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fall risks (Maki et al., 1994; Sturnieks et al., 2013), the causal relationships between older adults' 

responses of lower-limb muscles/joints following sudden balance losses and their prospective 

falling have remained unknown, let alone the feasibility of using the identified 

neuromuscular/biomechanical factors for classifying fall risks in clinical practices. Comprehensive 

investigations are warranted to delineate these relationships and enable a more sensitive fall-risk 

assessment among the older adults. 

This study therefore aims to probe the in-depth neuromuscular and biomechanical mechanisms 

underlying reactive balance control strategies that could indicate fall risks or fall histories in older 

adults. Specifically, in the cross-sectional analyses for examining impact of fall histories, this study 

attempted to delve into fallers’ alterations in the EMG signals of eight lower-limb muscles, lower-

limb joint powers/moments/angles, and whole-body CoM displacements after sudden waist-pull 

perturbations by comparing with non-fallers. Timing and amplitude parameters were thoroughly 

examined for these signals. In the prospective cohort analyses, this study aimed to identify what 

the above-mentioned parameters of signals could predict the older adults’ falls in prospective 1 

year and examine the abilities of these parameters in classifying different prospective fall status. 

Drawing from existing findings related to aging (Allum et al., 2002; de Freitas et al., 2010; 

Kasahara & Saito, 2021; Lin & Woollacott, 2002; Osoba et al., 2019; Thompson et al., 2018) and 

fall histories (Claudino et al., 2017; Studenski & Chandler, 1991; Thompson et al., 2018), we 

hypothesized that fallers would have varied but generally delayed and reduced responses in 

lower-limb muscles and joints after sudden loss of standing balance comparing with non-fallers, 

and these changes would be the fall-risk factors. 

6.4 Methods 

6.4.1 Subjects 

This study was an observational study with both the cross-sectional and prospective cohort 

analysis (registration number: ChiCTR2100047113). A total of 36 fallers (≥1 fall in previous one 

year) and 36 non-fallers (no fall in previous one year) with matched age and sex were recruited 

through convenience sampling. Based on the data of first 12 older fallers and first 12 older non-

fallers recruited in this study, the difference in CoM displacement between faller group and non-

faller group showed the effect size (Cohen’s d) of 0.67, which was the mean value of three 

magnitudes and four directions. The estimated sample size for a statistical power of 0.80 to run 

the two-tailed unpaired t-test at the 0.05 significance level was 36 subjects for each group 

(G∗Power Version 3.1.9.4).  
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Inclusion criteria were individuals: 1) ≥65 years old, and 2) who lived independently in the 

community and can walk for 400 m without assistive tools. Exclusion criteria were individuals: 1) 

who had been resided in nursing homes for over 6 months in the previous one year; 2) who had 

fall(s) caused by work-related or traffic accidents; 3) who were diagnosed with a neurological or 

vestibular disease, diabetes, or cognitive impairment; 4) who were diagnosed with a severe 

orthopedic, visual, or cardiopulmonary disease that impacts daily standing and walking; and 5) 

engaged in structured strengthening exercises in the previous year. Totally, 72 older subjects met 

the eligibility criteria for this study (Ethical reference number: HSEARS20220409002-02).  

Each subject took part in the experiment once, which included subjective assessments and waist-

pull perturbation trials. Then each subject’s prospective fall status within one year was tracked. 

6.4.2 Subjective Assessments including 1-year Fall History 

An examiner with a medical education background carried out the below subjective assessments. 

The process began with the collection of demographic/anthropological data, medical history, and 

number of falls in the previous 1 year, followed by the assessments using scales or questionnaires. 

Each subject was presented with the short Falls Efficacy Scale-International (FES-I) to assess 

the fear of falling, and presented with the Chinese Version of the Physical Activity Scale for the 

Elderly (PASE-C) to assess the level of physical activity (Ku et al., 2013; Yardley et al., 2005). 

Subsequently, the Mini-Balance Evaluation System Test (Mini-BESTest) was employed as a 

clinical test to assess balance performance (King & Horak, 2013). Following this, the examiner 

determined the subject’s dominant leg, which would be used for the EMG sensor placement later 

(Tong et al., 2023).  

6.4.3 Assessment of Reactive Balance Control in Waist-pull Perturbation Trials 

6.4.3.1 Experimental Set-Up 

A waist-pull perturbation system was utilized to deliver sudden horizontal perturbations (Figure 

6-2), with detailed technical specifications outlined in a prior study (Tong et al., 2023). In short, a 

string attached to the belt at the subject’s waist level can initiate a random pull, featuring random 

starting time, directions, and distances/velocities/accelerations (varying in magnitude) to induce 

an unforeseen balance disturbance during normal standing. Whole-body kinematics were 

captured using the motion capture system (Nexus 2.11, Vicon Motion Systems Ltd., Yarnton, UK) 

sampling at 250 Hz. Additionally, an eight-channel Trigno Wireless Biofeedback System (Delsys 

Inc, Natick, MA, USA) sampling at 2000 Hz was employed to collect neuromuscular activities. 
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Data acquisition was synchronized across the three systems (Tong et al., 2023).   

6.4.3.2 Protocol of Waist-pull Perturbation Trials 

Before the perturbation trials, all placements of sensors and markers were performed by another 

examiner who had the educational background of physiotherapy. Eight wireless surface EMG 

sensors were firstly positioned on the dominant-leg muscles based on the SENIAM guidelines 

(Table 4-1) (Hermens et al., 2000). Key muscles crucial for hip, knee, and ankle joint movements 

were selected, including gluteus medius (GMed), adductor magnus (AM), sartorius (SA), gluteus 

maximus (GMax), rectus femoris (RF), long head of bicep femoris (BF), tibialis anterior (TA), and 

medial gastrocnemius (MG). Additionally, 39 retroreflective markers were affixed to the subject’s 

body based on the Plug-in-Gait Model (Vicon Motion Systems Limited, 2021).  

The whole process of perturbation trials was explained to each subject beforehand. For each 

perturbation trial, the subject was directed to stand with both feet clad in shoes, positioned 

shoulder-width apart on two separate force plates. The subject was guided to grasp a light rod 

near the trunk (to ensure the arms not obstruct the retroreflective markers), adopt a natural stance, 

and gaze forward initially; make their best effort to maintain balance when experiencing 

perturbation, and promptly return to the original foot placement marked by dark-colored tapes if 

they shifted their feet. A harness was worn by the subject to avoid a real fall during perturbation. 

The subject then underwent five trials (with 12 perturbations in each trial and a 5-minute break 

following each trial), which included a sum of 60 unexpected balance perturbations encompassing 

five repetitions for each of the four directions and three magnitudes. For each perturbation, a pre-

tensioned string pulled the subject horizontally in a direction and magnitude predetermined by the 

examiner, then slackened for 12 seconds before becoming tensioned again. The starting time, 

magnitude (large, medium, small), or direction (anterior, posterior, medial, lateral) were random. 

Based on findings from our preliminary study in young adults (Zhu et al., 2022), the largest 

magnitudes for the anterior, posterior, medial, and lateral directions corresponded to pulling 

distances of 6%, 4%, 8% and 8% of the subject’s body height, respectively, which could challenge 

the subject’s limit of stability. 

6.4.3.3 Data Processing  

Kinematic data (i.e., CoM, joint motions) and kinetic data (joint moments, joint powers) were 

initially processed in Vicon Nexus using the Plug-in-Gait full body model. Joint moments and joint 
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powers were further smoothed with a 15 Hz low-pass filter using a zero-phase 4th order 

Butterworth filter. To normalize the data, the kinematic data and joint moment data subtracted the 

baseline signal value, i.e., the mean signal value over the 1000-ms period preceding each 

perturbation. The raw EMG signals first subtracted the mean value of the entire perturbation trial, 

then underwent full-wave rectification, got smoothed with a zero-phase 4th order Butterworth filter 

to generate the envelope, and were further normalized by dividing them by the mean signal value 

over the 1000-ms period preceding the start of the perturbation trial (Tong et al., 2023; Zhu et al., 

2022). 

Amplitude parameters (i.e., the peak amplitude for each signal, the rate of rise for joint moment 

and EMG signals, and the agonist-antagonist CCI for EMG signals) and temporal parameters (i.e., 

onset latency, time to peak, and burst duration for each signal) were analyzed (Figure 4-2). Within 

2 seconds following perturbation start, the onset was identified as the first point with its signal 

value exceeding five times the standard deviation (SD) over the mean baseline value (mean + 5 

SD), and the peak determined as the point with the highest signal value following the onset (Ling 

et al., 2020; Tong et al., 2023; Zhu et al., 2022). Within 9 seconds following perturbation start, the 

offset was recognized as the first point with its signal value going below five times the SD over 

the mean baseline value (mean + 5 SD) (Hesam-Shariati et al., 2017). The onset or offset 

detection utilized the 1000-ms period preceding each perturbation as the baseline. Further, the 

peak amplitude was defined as the value of the identified peak signal value. The rate of rise was 

calculated as the slope of signal rise over a 50-ms period after the onset of a signal (Tong et al., 

2023; Zhu et al., 2022). The CCI for an agonist-antagonist muscle pair was calculated between 

the later EMG onset point of two muscles and the earlier EMG offset point of the same muscles, 

according to the formula in Figure 4-2 (Di Nardo et al., 2022; Falconer, 1985; Thompson et al., 

2018). The onset latency represented the lagged time from the perturbation start to the signal 

onset. The time to peak denoted the lagged time from the perturbation start to the signal peak. 

The burst duration represented the lagged time from the signal onset to offset. Each parameter’s 

mean value following the five repetitive perturbations that were in same direction and magnitude 

was utilized for subsequent statistical analyses. 

The stepping response was determined by identifying whether the foot liftoff occurred following a 

perturbation, i.e., the vertical ground reaction force on one leg was reduced to 0. Based on the 

number of steps, stepping responses were categorized into with multiple steps, with a single step, 

and with no step. Based on the stepping leg, stepping responses were categorized into with a first 

dominant-leg step, with a first non-dominant-leg step, and with no step. Noted that firstly making 
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a dominant-leg step following medial perturbations or making a non-dominant-leg step following 

lateral perturbations also indicated the unloaded-leg stepping strategy, whereas firstly making a 

non-dominant-leg step following medial perturbations or making a dominant-leg step following 

lateral perturbations indicated the loaded-leg stepping strategy. The ratio of subjects and the ratio 

of perturbations with the above different stepping responses were calculated for each fall status 

group following each magnitude and direction of perturbations. 

6.4.4 Tracking of Prospective 1-year Fall Status 

After participation of the perturbation experiment, each subject’s fall status and fall-related 

consequences within a 12-month prospective duration were followed up. The subject was 

instructed to record each day’s fall status in a monthly calendar and return a picture of the record 

to a tester at the end of the month via the social media application or email (Hirase et al., 2020). 

When a subject’s monthly record was not returned within one week, the tester called the subject 

to obtain fall data. When a fall event was reported, the tester also called the subject to inquire 

about the circumstance in which the fall occurred and the fall consequence, such as any fall-

related injury or following handling (Hirase et al., 2020).  
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Figure 6-1. The STROBE flow chart. 

 

6.4.5 Statistical Analyses 

Statistical analyses were conducted using SPSS and the two-tailed significance level was set at 

0.05 (version 25.0). To compare subjective assessment data between older adults with different 

fall status (i.e., fallers vs. non-fallers, with vs. without 1-year prospective falling), the independent 

sample t tests, Mann-Whitney U tests, and Chi-square tests were conducted for the normally 

distributed continuous data, non-normally distributed continuous data, and categorical data, 

respectively. The Chi-square tests and post hoc pairwise comparisons with Bonferroni corrections 

were conducted to examine how the ratios of varied stepping responses (“stepping” factor) 

differed between fall status groups (“fall” factor) following large and medium magnitude of 

perturbations, considering the ratios of stepping responses following small magnitude of 
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perturbations were mostly less than 10% (Bair et al., 2016). 

6.4.5.1 Cross-sectional Analyses 

For each amplitude/temporal parameter of the examined CoM displacements, joint motions, joint 

moments, joint powers, and EMG signals in fallers vs. non-fallers, the independent sample t test 

or Mann-Whitney U test was used based on the data normality. Partial Pearson correlation tests 

with age, sex, and body mass index (BMI) adjusted were conducted separately between each 

examined biomechanical/neuromuscular parameter following large magnitude of perturbations 

and the number of falls in previous one year. The correlation coefficient, r, represents the very 

small (<0.1), small (0.1-0.3), medium (0.3-0.5), or large effect size (>0.5) (Portney, 2020). 

6.4.5.2 Prospective Cohort Analyses 

The Logistic regression analyses with or without confounders adjusted were conducted to model 

the causal relationship between each examined biomechanical/neuromuscular parameter in 

reactive balance control and the older adults’ prospective fall status (≥1 fall vs. no fall within 1-

year tracking). Model 1 did not adjust any confounder. Model 2 adjusted the subjects’ age, sex, 

and BMI (Y. Kim et al., 2017). Model 3 adjusted the subjects’ fall history status, FES-I short version 

score, Mini-BESTest score, and PASE-C score besides the confounders in Model 2. The odds 

ratio (OR) indicates the effect size categorized as large, medium, small, or very small (Chen et 

al., 2010).  

The receiver operating characteristic (ROC) analysis was conducted to examine the diagnostic 

accuracy of a biomechanical/neuromuscular parameter during reactive balance control in 

classifying prospective fall status, when any of the three Logistic regression models showed its 

significant causal relationship with the prospective fall status. The area under the ROC curve 

(AUC) was obtained to quantify the classification ability as poor (0.5-0.7), acceptable (0.7-0.8), 

excellent (0.8-0.9), or outstanding (0.9-1.0) (Hosmer Jr et al., 2013). The optimal cut-point value 

of a biomechanical/neuromuscular parameter during reactive balance control in differentiating the 

older adults’ 1-year prospective fall status was determined as the point on a ROC curve with the 

maximum sum of sensitivity and specificity (Fluss et al., 2005). The sensitivity and specificity of 

the optimal cut-point value were also extracted. 
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6.5 Results  

6.5.1 Results of Subjective Assessments and Prospective Fall Status 

No significant difference was observed in the age, sex ratio, body mass, height, BMI, leg length, 

leg dominance, short FES-I score, PASE-C score, or the Mini-BESTest score between the older 

adults who had fall histories and those who did not (fallers vs. non-fallers) (Table 6-1). No older 

subject dropped out of the follow-up of prospective falls within 1 year after the instrumented 

assessment of reactive balance control. A total of 26 subjects experienced the 1-year prospective 

falling, i.e., at least 1 fall during the follow-up period, among whom seven subjects experienced 2 

or more prospective falls, and 46 subjects did not experience prospective falling. Regarding the 

above-mentioned subjective assessment contents, there was no significant difference between 

the older adults who had prospective falling and those who did not, either (Table 6-1). 
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Table 6-1. Subjective assessment results in older adults with different fall status. 

  
Fallers  
(n = 36) 

Non-fallers  
(n = 36) 

With 1-year 
prospective falling (n = 

26) 

Without 1-year 
prospective falling (n = 

46) 

Number of falls in past/prospective 1 year 1.3 ± 0.7* 0* 1.3 ± 0.5* 0* 

Age (year) 68.7 ± 3.5 69.3 ± 3.2 68.7 ± 3.0 69.2 ± 3.5 

Sex ratio (female/male) 31/5 31/5 20/6 30/16 

Body mass (kg) 58.3 ± 8.4 58.7 ± 9.0 59.1 ± 7.0 58.1 ± 9.5 

Height (cm) 158.7 ± 7.2 157.5 ± 15.7 159.1 ± 7.1 159.3 ± 9.1 

BMI (kg/m2) 23.2 ± 2.9 23.0 ± 2.5 23.4 ± 2.5 22.9 ± 2.8 

Leg length (cm) 79.4 ± 3.1 80.6 ± 5.3 79.6 ± 4.5 80.2 ± 4.4 

Leg dominance (right/left) 25/11 25/11 3/23 7/39 

Short FES-I (score) 14.5 ± 5.9 12.6 ± 4.2 14.9 ± 5.2 12.8 ± 5.1 

PASE-C (score) 120.0 ± 56.3 124.0 ± 57.0 119.1 ± 57.6 123.6 ± 56.1 

Mini-BESTest (score) 23.6 ± 2.7 24.4 ± 1.9 23.4 ± 2.3 24.3 ± 2.4 

Note: Continuous data are displayed as mean ± standard deviation. Categorical data are displayed as the ratio. * indicates significant 
difference between older subjects with and without falling in past/prospective 1 year. BMI: body mass index. FES-I: fall efficacy scale-
international. PASE-C: physical activity scale of elderly-Chinese. Mini-BESTest: mini-balance evaluation system test. 
 
 
 

 
 

Figure 6-2. The waist-pull perturbation system. 

 

6.5.2 Stepping Responses in Groups of Different Fall Status 

Fallers exhibited a higher frequency to have stepping responses, especially the multiple steps 

and unloaded-leg stepping responses, in contrast to non-fallers following unexpected 

mediolateral perturbations (Table 6-2). The ratio of perturbations with no step following lateral 



  

 
197  

perturbations was significantly smaller in fallers than that in non-fallers (p < 0.05), indicating that 

fallers had more stepping responses than non-fallers. The significantly larger ratio of 

subjects/perturbations with multiple steps and smaller ratio of making a single step following 

mediolateral perturbations in fallers indicated that they tended to have multiple steps in contrast 

to non-fallers (p < 0.05). The significantly larger ratio of perturbations with a first dominant-leg 

step following medial perturbations and a first non-dominant-leg step following lateral 

perturbations in fallers indicated that they tended to have unloaded-leg stepping responses in 

contrast to non-fallers (p < 0.05). 

In contrast to those without 1-year prospective falling, older subjects with 1-year prospective 

falling had more stepping responses following unexpected anterior perturbations and fewer 

stepping responses, especially the loaded-leg stepping responses, following unexpected lateral 

perturbations (Table 6-2). The significantly larger ratio of perturbations with a single step following 

large magnitude of anterior perturbations as well as the significantly larger ratio of participants 

with multiple steps and larger ratio of perturbations with a first non-dominant-leg step following 

medium magnitude of anterior perturbations in older subjects with 1-year prospective falling 

indicated that they were more likely to have stepping responses following forward loss of balance 

in contrast to the older subjects without 1-year prospective falling (p < 0.05). Following medium 

magnitude of lateral perturbations, the significantly smaller ratio of perturbations with multiple 

steps and smaller ratio of perturbations with a first dominant-leg step in older subjects with 1-year 

prospective falling indicated that they used less loaded-leg stepping strategy than older subjects 

with 1-year prospective falling (p < 0.05).
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Table 6-2. Stepping responses following unexpected waist-pull perturbations (n = 72). 

Perturbation 
magnitude 

Perturbation 
direction 

Ratio of subjects 
making multiple 
steps, a single 
step, and no step 

Frequency of making 
multiple steps, a 
single step, and no 
step 

Frequency of firstly 
making a dominant-leg 
step, a non-dominant-
leg step, and no step 

Ratio of subjects 
making multiple 
steps, a single 
step, and no step 

Frequency of making 
multiple steps, a single 
step, and no step 

Frequency of firstly 
making a dominant-
leg step, a non-
dominant-leg step, 
and no step 

  Fallers (n = 36, 180 perturbations) Non-fallers (n = 36, 180 perturbations) 

Large Anterior 14/36, 13/36, 9/36 29/180, 63/180, 88/180 62/180, 30/180, 88/180 15/36, 12/36, 9/36 27/180, 54/180, 99/180 44/180, 37/180, 99/180 

 Posterior 6/36, 5/36, 25/36 9/180, 17/180, 154/180 15/180, 11/180, 154/180 6/36, 7/36, 23/36 11/180, 20/180, 149/180 17/180, 14/180, 149/180 

 Medial 20/36*, 16/36*, 0/36 49/180*†, 126/180*, 5/180† 137/180, 38/180, 5/180 10/36*, 26/36*, 0/36 22/180*†, 148/180*, 10/180† 130/180, 40/180, 10/180 

 Lateral 17/36*, 19/36, 0/36 38/180*†, 135/180*#, 7/180†# 24/180, 149/180#, 7/180# 9/36*, 25/36, 2/36 15/180*†, 139/180*#, 26/180†# 32/180, 122/180#, 26/180# 

Medium Anterior 8/36, 4/36, 24/36 13/180, 18/180, 149/180 14/180, 17/180, 149/180 7/36, 5/36, 24/36 8/180, 17/180, 155/180 17/180, 8/180, 155/180 

 Posterior 5/36, 1/36, 30/36 5/180, 4/180, 171/180 5/180, 4/180, 171/180 2/36, 3/36, 31/36 2/180, 8/180, 170/180 7/180, 3/180, 170/180 

 Medial 9/36, 23/36, 4/36 14/180, 107/180, 59/180 109/180, 12/180, 59/180 5/36, 27/36, 4/36 10/180, 99/180, 71/180 89/180, 20/180, 71/180 

 Lateral 6/36, 20/36, 10/36 17/180†, 72/180, 91/180† 11/180, 78/180, 91/180 2/36, 22/36, 12/36 6/180†, 72/180, 102/180† 20/180, 58/180, 102/180 

Small Anterior 2/36, 1/36, 33/36 2/180, 1/180, 177/180 2/180, 1/180, 177/180 2/36, 3/36, 31/36 2/180, 5/180, 173/180 4/180, 3/180, 173/180 

 Posterior 0/36, 0/36, 36/36 0/180, 0/180, 180/180 0/180, 0/180, 180/180 1/36, 1/36, 34/36 1/180, 3/180, 176/180 4/180, 0/180, 176/180 

 Medial 0/36, 3/36, 33/36 0/180, 10/180, 170/180 10/180, 0/180, 170/180 3/36, 3/36, 30/36 3/180, 6/180, 171/180 1/180, 8/180, 171/180 

 Lateral 0/36, 5/36, 31/36 0/180, 7/180, 173/180 2/180, 5/180, 173/180 2/36, 4/36, 30/36 2/180, 6/180, 172/180 4/180, 4/180, 172/180 

  
With 1-year prospective falling (n = 26, 130 perturbations) Without 1-year prospective falling (n = 46, 230 perturbations) 

Large Anterior 9/26, 11/26, 6/26 17/130, 52/130, 61/130 44/130, 25/130, 61/130 20/46, 14/46, 12/46 39/230, 65/230, 126/230 61/230, 43/230, 126/230 

 Posterior 4/26, 4/26, 18/26 4/130, 16/130, 110/130 10/130, 10/130, 110/130 8/46, 8/46, 30/46 16/230, 21/230, 193/230 19/230, 18/230, 193/230 

 Medial 13/26, 13/26, 0/26 29/130, 95/130, 6/130 99/130, 25/130, 6/130 17/46, 29/46, 0/46 42/230, 179/230, 9/230 185/230, 36/230, 9/230 

 Lateral 11/26, 15/26, 0/26 19/130, 101/130, 10/130 12/130, 108/130, 10/130 15/46, 29/46, 2/46 34/230, 173/230, 23/230 23/230, 184/230, 23/230 

Medium Anterior 9/26, 3/26, 14/26 10/130, 13/130, 107/130 8/130*, 15/130*#, 107/130# 6/46, 6/46, 34/46 11/230, 22/230, 197/230 23/230*, 10/230*#, 197/230# 

 Posterior 3/26, 2/26, 21/26 3/130, 5/130, 122/130 6/130, 2/130, 122/130 4/46, 2/46, 40/46 4/230, 7/230, 219/230 6/230, 5/230, 219/230 

 Medial 7/26, 17/26, 2/26 7/130, 75/130, 48/130 76/130, 6/130, 48/130 7/46, 33/46, 6/46 17/230, 131/230, 82/230 134/230, 14/230, 82/230 

 Lateral 1/26, 17/26, 8/26 2/130*†, 54/130*, 74/130† 2/130†, 54/130, 74/130† 7/46, 25/46, 14/46 21/230*†, 90/230*, 119/230† 17/230†, 94/230, 119/230† 

Small Anterior 1/26, 1/26, 24/26 1/130, 2/130, 127/130 2/130, 1/130, 127/130 3/46, 3/46, 40/46 3/230, 4/230, 223/230 5/230, 2/230, 223/230 

 Posterior 0/26, 1/26, 25/26 0/130, 3/130, 127/130 3/130, 0/130, 127/130 1/46, 0/46, 45/46 1/230, 0/230, 229/230 1/230, 0/230, 229/230 

 Medial 1/26, 5/26, 20/26 1/130, 11/130, 118/130 8/130, 4/130, 118/130 2/46, 1/46, 43/46 2/230, 5/230, 223/230 3/230, 4/230, 223/230 

 Lateral 2/26, 0/26, 24/26 2/130, 0/130, 128/130 1/130, 1/130, 128/130 0/46, 9/46, 37/46 0/230, 13/230, 217/230 4/230, 9/230, 217/230 

Note: The bold texts with shading indicate the significant differences between different fall status groups (p < 0.05, simple main effect of “fall” factor). The same superscript symbols 
indicate the pairwise comparison of stepping responses with significant difference. (p < 0.05, simple main effect of “stepping” factor).
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6.5.3 Neuromuscular/Biomechanical Responses from Cross-sectional Analyses 

6.5.3.1 Fallers vs. Non-fallers 

As shown in Table 6-3, in response to anterior perturbations, fallers exhibited significantly shorter 

times to peak knee flexion angles, shorter onset latencies for ankle dorsiflexion, shorter burst 

durations for ankle plantarflexion moments, and longer onset latencies for backward COM 

displacement than non-fallers (p < 0.05). 

In the case of posterior perturbations, fallers tended to utilize the ankle strategy as compared to 

non-fallers. This was indicated by the fallers’ significantly higher co-contraction index (CCI) of the 

ankle dorsiflexor-plantarflexor, shorter onset latencies for ankle sagittal power generation (p < 

0.05), and exhibited slower knee joint responses, as evidenced by significantly smaller rates of 

EMG rise in the knee extensor, longer times to peak for knee sagittal power generation, and longer 

onset latencies for knee flexion (p < 0.05) as compared to non-fallers. 

Following medial perturbations, fallers demonstrated significantly longer EMG burst durations in 

the hip flexor, increased peak hip joint powers, larger peak hip abduction and adduction angles, 

longer burst durations in knee flexion, and greater medial center of mass (CoM) displacement 

than non-fallers (p < 0.05). Additionally, fallers and non-fallers exhibited significant differences in 

lateral, backward, and downward CoM displacements (p < 0.05), suggesting that fallers required 

more body adjustments to execute multiple steps than non-fallers. 

After lateral perturbations, fallers showed significantly longer times to peak EMG amplitude in the 

hip adductor, longer onset latencies for knee flexion, and longer times to peak and burst durations 

for lateral CoM displacement than non-fallers (p < 0.05). 
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Table 6-3. Significant differences following the large magnitude of unpredictable perturbations between 
fallers (n = 36) and non-fallers (n = 36). 

Direction Parameter  Unit 
Fallers 
(n=36) 

Non-fallers 
(n=36) 

p 
value 

A Hip Abductor Time to peak EMG amplitude ms 667 (415) 942 (521) 0.024 

A Hip Abduction Peak angle ° 3 (3) 2 (2) 0.049 

A Knee Flexion Time to peak angle ms 852 (492) 1033 (555) 0.014 

A Ankle Plantarflexion Moment burst duration ms 481 (386) 688 (497) 0.049 

A Ankle Dorsiflexion Angle onset latency ms 109 (337) 228 (593) 0.046 

A Backward CoM Displacement Onset latency ms 2000 (318) 1765 (414) 0.03 

P Hip Adductor EMG onset latency ms 238 (96) 212 (61) 0.031 

P Hip Abduction Time to peak angle ms 933 (663) 1235 (623) 0.013 

P Knee Extensor Rate of EMG rise multiples of baseline·s-1 15.8 (13.8) 24.5 (24.7) 0.019 

P Knee Sagittal Power Generation Time to peak ms 805 ± 332 660 ± 246 0.039 

P Knee Flexion Angle onset latency ms 204 (90) 173 (59) 0.02 

P Ankle Dorsiflexor-Plantarflexor CCI / 39% (36%) 23% (33%) 0.039 

P Ankle Sagittal Power Generation Power onset latency ms 150 (307) 323 (355) 0.012 

P Ankle Dorsiflexion Moment onset latency ms 1058 ± 292 890 ± 332 0.025 

P Downward CoM Displacement Burst duration ms 799 (839) 1151 (947) 0.034 

M Hip Flexor EMG burst duration ms 548 (733) 339 (389) 0.039 

M Hip Frontal Power Absorption Peak power W·kg-1 0.11 (0.11) 0.05 (0.06) 0.01 

M Hip Sagittal Power Generation Peak power W·kg-1 0.09 (0.16) 0.05 (0.06) 0.043 

M Hip Sagittal Power Absorption Peak power W·kg-1 0.09 (0.13) 0.07 (0.05) 0.044 

M Hip Adduction Peak angle ° 4 (3) 2 (3) 0.044 

M Hip Abduction Peak angle ° 7 (5) 4 (3) 0.015 

M Knee Flexion Angle burst duration ms 2633 (2256) 1751 (1413) 0.047 

M Medial CoM Displacement Peak CoM Displacement mm 147 ± 46 121 ± 40 0.014 

M Medial CoM Displacement Burst duration ms 2466 (992) 1878 (1178) 0.01 

M Lateral CoM Displacement Onset latency ms 1792 (381) 1595 (458) 0.029 

M Lateral CoM Displacement Time to peak ms 2000 (160) 1869 (286) 0.04 

M Backward CoM Displacement Time to peak ms 1417 (287) 1261 (276) 0.01 

M Backward CoM Displacement Peak CoM Displacement mm 40 (43) 21 (26) 0.011 

M Backward CoM Displacement Burst duration ms 1804 (1798) 1278 (889) 0.009 

M Downward CoM Displacement Onset latency ms 917 ± 506 1171 ± 491 0.034 

L Hip Adductor Time to peak EMG amplitude ms 755 (325) 633 (245) 0.044 

L Knee Flexion Angle onset latency ms 373 (379) 288 (265) 0.024 

L Lateral CoM Displacement Time to peak ms 945 (207) 851 (152) 0.033 

L Lateral CoM Displacement Burst duration ms 2268 (1727) 1771 (847) 0.019 

L Medial CoM Displacement Time to peak ms 1963 (201) 1868 (315) 0.041 

Note: A: anterior perturbation. P: posterior perturbation. M: medial perturbation. L: lateral perturbation. CoM: center of 
mass. EMG: electromyographic. 
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6.5.3.2 Partial Correlation Analysis Results 

Table 6-4 presents the results of partial correlation tests between the number of 1-year previous 

falls and the examined responses of CoM, joint motions, joint moments, joint powers, and EMG 

signals after large magnitude of unexpected perturbations.  

The more previous falls in older subjects were related to their delayed but enlarged reactions as 

well as their elongated recovery of CoM displacement. There were significantly positive 

correlations in small to medium effect sizes between the number of 1-year previous falls and the 

onset latency of backward CoM displacement after posterior perturbations (r = 0.303, p < 0.05), 

the time to peak lateral CoM displacement after lateral perturbations (r = 0.281, p < 0.05), the 

peak medial CoM displacement after medial perturbations (r = 0.334, p < 0.05), as well as the 

burst duration of forward, medial, or lateral CoM displacement after anterior (r = 0.298, p < 0.05), 

medial (r = 0.324, p < 0.05), or lateral perturbations (r = 0.244, p < 0.05), respectively. 

Correlations between the number of 1-year previous falls in older subjects and their responses of 

lower-limb joint motions showed small effect sizes. The more previous falls were related to the 

shorter time to peak knee flexion angle after anterior perturbations (r = -0.245, p < 0.05), the 

longer time to peak knee flexion angle after posterior perturbations (r = 0.246, p < 0.05), the larger 

peak hip adduction angle after medial perturbations (r = 0.271, p < 0.05), as well as the shorter 

onset latency of knee extension (r = -0.257, p < 0.05), longer onset latency of ankle dorsiflexion 

(r = 0.295, p < 0.05), shorter time to peak knee extension angle (r = -0.238, p < 0.05), and longer 

time to peak knee flexion angle (r = 0.260, p < 0.05) and ankle dorsiflexion angle (r = 0.273, p < 

0.05) after lateral perturbations. 

There were significantly positive correlations in small to medium effect sizes between the number 

of 1-year previous falls and some responses of lower-limb joint moments. The correlations varied 

for the responses after different direction of perturbations. After posterior perturbations, the more 

previous falls were related to the elongated reaction as indicated by longer time to peak ankle 

plantarflexion moment (r = 0.261, p < 0.05) and related to the elongated recovery as indicated by 

longer onset latency of ankle dorsiflexion moment (r = 0.287, p < 0.05). After medial perturbations, 

the more previous falls were related to the delayed but faster moment reactions as indicated by 

the longer onset latency of hip abduction (r = 0.254, p < 0.05), hip flexion (r = 0.318, p < 0.05), as 

well as knee extension moment  (r = 0.250, p < 0.05) but larger rate of rise of hip abduction (r = 

0.304, p < 0.05), hip flexion (r = 0.335, p < 0.05), as well as knee extension moment (r = 0.382, p 
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< 0.05); the more previous falls were also related to the elongated recovery as indicated by the 

longer burst duration of ankle plantarflexion moment (r = 0.246, p < 0.05). After lateral 

perturbations, the more previous falls were related to the elongated recovery as indicated by the 

longer burst duration of hip flexion moment (r = 0.272, p < 0.05). 

Small effect sizes showed that the more previous falls were significantly related to the lager peak 

hip frontal power generation (r = 0.283, p < 0.05) and absorption (r = 0.277, p < 0.05) after anterior 

perturbations, and the shorter onset latencies of ankle sagittal power generation after posterior 

perturbations (r = -0.245, p < 0.05). 

With small to medium effect sizes, the more 1-year previous falls were related to the decreased 

hip muscle activation and increased ankle muscle activation during standing without perturbations, 

while the correlations between the number of previous falls and the EMG responses after 

perturbations varied for different perturbation directions. Regarding the baseline EMG responses 

before perturbations, the more previous falls were related to the smaller baseline EMG amplitude 

of hip abductor after posterior perturbations (r = -0.297, p < 0.05) as well as the larger baseline 

EMG amplitudes of ankle plantarflexor after posterior (r = 0.244, p < 0.05), medial (r = 0.353, p < 

0.05), and lateral (r = 0.247, p < 0.05) perturbations. Regarding the EMG responses after 

perturbations, the more previous falls were related to the delayed reaction of agonist muscle as 

indicated by the longer EMG onset latency of ankle plantarflexor after anterior perturbations (r = 

0.329, p < 0.05), related to the larger ankle dorsiflexor-plantarflexor CCI after posterior 

perturbations (r = 0.263, p < 0.05), related to the larger peak EMG amplitude of knee flexor (r = 

0.240, p < 0.05)  together with shorter EMG burst duration of ankle plantarflexor  (r = -0.254, p 

< 0.05) after medial perturbations, and related to the elongated muscle activation as indicated by 

the longer time to peak EMG amplitudes of hip flexor (r = 0.259, p < 0.05) and ankle dorsiflexor (r 

= 0.264, p < 0.05) as well as the longer EMG burst duration of hip extensor (r = 0.284, p < 0.05) 

after lateral perturbations.  
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Table 6-4. Correlation coefficient (r) for the partial Pearson correlation test between number of previous falls and each examined parameter after large 
magnitude of perturbations. 

    
Onset latency Time to peak Peak amplitude Burst duration Rate of rise CCI 

    A P M L A P M L A P M L A P M L A P M L A P M L 

CoM Forward Displacement 0.129 0.203 -0.015 0.141 0.056 0.079 0.092 0.016 0.177 -0.034 0.249* 0.091 0.298* -0.164 -0.003 0.034         

CoM Backward Displacement 0.238* 0.303* -0.012 0.045 0.11 0.044 0.216 0.015 -0.139 -0.004 0.381* -0.069 -0.016 0.015 0.29* -0.121         

CoM Medial Displacement 0.031 0.002 -0.062 0.278* -0.024 0.13 0.147 0.264* 0.06 -0.094 0.334* -0.073 0.14 0.049 0.324* -0.122         

CoM Lateral Displacement 0.203 -0.001 0.296* -0.064 0.108 0.089 0.24* 0.281* 0.345* -0.151 -0.062 0.145 0.143 0.082 0.103 0.244*         

CoM Upward Displacement 0.025 0.003 0.128 0.11 0.033 0.192 0.224 0.169 0.061 0.067 -0.148 0.175 -0.006 0.347* -0.122 -0.027         

CoM Downward Displacement 0.071 0.035 -0.232 -0.077 0.099 0.12 -0.169 -0.05 0.064 -0.024 0.28* 0.004 0.19 -0.262* 0.053 0.073                 

Joint motion Hip Adduction -0.012 0.033 0.078 -0.141 0.057 0.086 0.142 -0.031 0.082 -0.102 0.271* 0.186 -0.017 0.059 -0.076 0.063         

Joint motion Hip Abduction -0.083 0.076 -0.053 0.081 -0.063 -0.106 -0.019 0.096 0.213 -0.071 0.171 0.227 0.036 0.151 0.01 -0.023         

Joint motion Hip Flexion 0.029 -0.13 -0.112 0.029 0.014 0.14 0.109 0.081 0.128 -0.009 0.207 0.204 0.188 0.058 0.176 0.147         

Joint motion Hip Extension -0.072 0.082 0.055 0.087 -0.044 -0.187 -0.044 0.015 0.113 -0.005 -0.152 -0.106 0.03 -0.158 -0.159 -0.104         

Joint motion Knee Flexion -0.206 0.135 -0.147 0.222 -0.245* 0.246* 0.158 0.26* 0.073 -0.038 0.08 0.006 0.13 -0.042 0.221 0.019         

Joint motion Knee Extension 0.067 0.067 -0.03 -0.257* 0.118 0.083 -0.08 -0.238* -0.121 0.033 0 0.136 -0.073 -0.118 0.048 -0.137         

Joint motion Ankle Dorsiflexion -0.057 0.058 0.037 0.295* -0.073 -0.031 0.055 0.273* 0.022 0.085 0.109 -0.01 -0.087 -0.106 0.027 0.05         

Joint motion Ankle Plantarflexion 0.025 -0.033 0.054 -0.154 0.122 0.002 0.052 -0.194 0.022 0.127 -0.02 0.1 -0.034 -0.217 -0.073 -0.148                 

Joint moment Hip Adduction -0.156 0.012 -0.162 0.111 0.078 -0.094 -0.049 0.143 -0.117 -0.164 0.021 -0.202 -0.108 -0.129 0.045 0.032 -0.143 -0.129 0.055 -0.114     

Joint moment Hip Abduction 0.002 0.156 0.254* -0.078 -0.123 0.198 -0.108 -0.03 0.235 0.068 0.048 0.137 0.094 0.075 -0.187 -0.119 0.105 -0.003 0.304* 0.022     

Joint moment Hip Flexion 0.062 0.184 0.318* -0.092 0.142 0.156 0.097 0.039 0.152 -0.075 0.208 0.212 0.063 -0.03 -0.099 0.272* 0.087 -0.079 0.335* 0.044     

Joint moment Hip Extension -0.071 0.085 -0.114 0.089 -0.021 0.161 0.014 0.058 0.14 -0.106 0.192 0.008 -0.026 0.025 0.247* 0.023 0.262* -0.184 -0.152 0.005     

Joint moment Knee Flexion -0.041 0.184 -0.096 0.262* -0.079 0.191 -0.003 0.243* 0.099 -0.123 0.181 -0.068 -0.109 -0.033 0.394* -0.07 0.088 -0.122 0.117 0.137     

Joint moment Knee Extension 0.018 0.102 0.25* -0.077 0.123 0.057 0.045 -0.045 0.092 -0.083 0.162 0.315* -0.111 -0.122 -0.072 -0.021 -0.052 0.04 0.382* 0.132     

Joint moment Ankle Dorsiflexion 0.005 0.287* 0.124 -0.069 -0.015 0.214 0.1 0.11 0.079 -0.213 0.04 0.152 -0.071 -0.019 -0.096 0.125 -0.055 -0.067 0.024 0.16     

Joint moment Ankle Plantarflexion -0.185 0.106 -0.037 0.18 -0.188 0.261* 0.138 0.163 0.173 -0.092 0.135 0 -0.115 0.038 0.246* 0.063 0.091 -0.156 0.08 -0.003         

Joint power Hip Frontal Generation -0.015 0.083 -0.166 -0.034 0.009 0.018 0.02 0.147 0.283* -0.003 0.156 0.131 -0.174 0 0.126 0.193         

Joint power Hip Frontal Absorption -0.153 0.034 -0.165 0.096 -0.216 -0.105 -0.016 0.18 0.277* -0.118 0.146 0.008 -0.112 -0.034 0.023 -0.156         

Joint power Hip Sagittal Generation 0.077 0.236 -0.022 0.066 0.127 0.221 0.098 0.186 -0.001 -0.127 0.164 0.101 0.097 0.141 0.004 -0.005         

Joint power Hip Sagittal Absorption -0.021 0.014 -0.043 -0.026 -0.088 0.016 -0.026 0.04 0.084 -0.134 0.181 0.145 0.097 0.055 -0.017 0.091         

Joint power Knee Sagittal Generation -0.031 0.144 -0.014 -0.101 -0.088 0.157 0.096 -0.07 0.179 -0.006 0.137 0.101 0.038 -0.048 0.021 -0.008         

Joint power Knee Sagittal Absorption -0.134 0.21 -0.071 -0.044 0.107 0.086 -0.073 -0.012 0.121 -0.041 0.152 0.018 -0.066 0.065 -0.053 -0.157         

Joint power Ankle Sagittal Generation 0.04 -0.245* 0.221 -0.094 0.149 -0.022 0.075 -0.034 0.051 0.061 0.203 0.084 -0.033 -0.076 -0.056 0.047         

Joint power Ankle Sagittal Absorption -0.118 -0.075 -0.06 0.164 0.057 0.031 0.097 0.043 0.038 0.055 0 0.014 -0.188 0.017 -0.004 0.028                 

EMG signal Hip Adductor -0.081 0.069 -0.1 0.058 0.023 0.087 -0.026 0.163 0.11 -0.074 0.213 0.088 0.186 -0.082 0.052 0.154 -0.033 -0.102 -0.171 0.034 

0.039  0.087  0.057  0.072  
EMG signal Hip Abductor -0.162 0.05 -0.019 -0.067 -0.199 0.113 0.073 0.12 -0.107 -0.179 -0.103 -0.142 0.008 0.087 0.106 0.117 -0.158 -0.181 -0.179 -0.152 

EMG signal Hip Flexor -0.1 0.067 -0.153 0.055 0.122 0.126 -0.139 0.259* 0.132 -0.147 0.19 -0.001 0.107 -0.025 0.235 0.121 0.017 -0.188 0.063 -0.179 

-0.124  -0.166  -0.039  0.059  
EMG signal Hip Extensor 0.039 0.121 -0.099 0.018 0.229 0.091 0.203 0.181 -0.036 -0.002 -0.041 -0.05 0.063 0.031 0.035 0.284* -0.094 -0.159 -0.116 -0.13 

EMG signal Knee Flexor -0.02 0.152 -0.019 -0.119 0.004 0.088 0.104 0.17 0.01 -0.134 0.24* -0.029 0.063 0.146 0.054 0.059 0.061 -0.128 0.004 -0.004 

0.063  -0.108  -0.004  -0.025  
EMG signal Knee Extensor 0.035 0.072 0.149 0.044 0.137 0.139 0.18 0.101 -0.009 -0.158 0.097 -0.072 -0.043 0.022 -0.027 0.024 -0.14 -0.208 0.067 -0.058 

EMG signal Ankle Dorsiflexor -0.038 0.001 -0.144 -0.068 -0.169 0.163 0.09 0.264* 0.043 0.033 0.127 0.07 0.026 0.197 0.203 0.135 0.076 -0.101 0.005 -0.068 

0.089 0.263* 0.08 0.018 

EMG signal Ankle Plantarflexor 0.329* 0.11 -0.089 0.083 0.128 0.045 0.034 0.141 0.002 -0.024 0.095 0.034 -0.027 0.018 -0.254* 0.037 -0.036 -0.02 0.05 -0.015 

Data are from all subjects (n = 72). Correlations are adjusted for age, sex, and BMI. * indicates the partial correlation is significant (two-sided, p < 0.05). CoM: center of mass. EMG: 
electromyographic. CCI: agonist-antagonist co-contraction index. A: anterior perturbations. P: posterior perturbations. M: medial perturbations. L: lateral perturbation.
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6.5.4 Neuromuscular/Biomechanical Responses from Prospective Cohort 
Analyses 

Table 6-5 firstly presents the biomechanical and neuromuscular parameters after unexpected 

large magnitude of perturbations that could significantly predict the older subjects’ 1-year 

prospective fall status in at least one Logistic regression model. Regarding these parameters, cut-

point values and diagnostic accuracies (AUC, sensitivity, and specificity) are also displayed in 

Table 6-5. The mean changes of CoM displacements (Figure 6-3), lower-limb joint angles (Figure 

6-4), lower-limb moments (Figure 6-5), lower-limb powers (Figure 6-6), or EMG signals of lower-

limb muscles over time (Figure 6-7) in older adults with and without prospective falling are 

presented. 

After unexpected anterior perturbations, the activation rate, peak activation, and activation 

duration of hip abductor could significantly predict the older subjects’ 1-year perspective fall status 

with very small effect sizes and showed significantly poor abilities in classifying older subjects’ 1-

year perspective fall status. For each 0.1 s increase of the time to peak hip flexion angle after 

anterior perturbations, older subjects’ odds of having at least one fall within prospective 1 year 

increased by 19% OR (95% CI); however, such significant causal relationship did not exist after 

controlling the confounders. In Model 3 which adjusted the subject’s age, sex, BMI, fall history 

status, Mini-BESTest score, short FES-I score, and PASE-C score, the one-unit increase of rate 

of EMG rise, peak EMG amplitude, and EMG burst duration of hip abductor after anterior 

perturbations could decrease the odds of 1-year prospective falling by 6%, 23%, and 12%, 

respectively. These parameters, however, showed poor abilities in classifying the older subjects 

with and without 1-year prospective falling as indicated by the AUCs ranging from 0.64 to 0.68. 

After unexpected posterior perturbations, the knee sagittal power responses, hip frontal power 

responses, and hip abductor activation could significantly predict older subjects’ 1-year 

perspective fall status. The odds of 1-year prospective falling were increased by the earlier and 

larger responses of knee sagittal power absorption, as well as the delayed timing of knee sagittal 

power and hip frontal power generation after posterior perturbations. In addition, as indicated by 

Model 3, the one-unit increase of the rate of EMG rise and the peak EMG amplitude of hip 

abductor after posterior perturbations could decrease the odds of 1-year prospective falling by 7% 

and 35%, respectively. These parameters did not show or showed significantly poor abilities in 

classifying the older subjects with and without 1-year prospective falling as indicated by the AUCs 
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ranging from 0.60 to 0.69. 

After unexpected medial perturbations, older subjects’ 1-year perspective fall status could be 

predicted by the anteroposterior CoM displacements, the kinetic responses of hip and knee joints 

in sagittal plane, and the hip abductor activation. The odds of 1-year prospective falling were 

increased by the earlier onset of hip sagittal power generation and larger peak knee sagittal power 

generation, the earlier onset of knee extension moment and shorter duration of hip flexion moment, 

the delayed timing of knee flexion moment and increased rate of rise and peak value of hip 

extension moment, the shorter duration of ankle dorsiflexion, as well as the delayed onset of 

backward CoM displacement and enlarged forward CoM displacement after medial perturbations. 

Additionally, in Model 3, the one-unit increase of rate of EMG rise and peak EMG amplitude of hip 

abductor after medial perturbations decreased the odds of 1-year prospective falling by 10% and 

29%, respectively. The onset latency of backward CoM displacement (AUC and 95% CI: 0.72 

[0.60-0.84]; cut-point value: 618 ms), the rate of EMG rise of hip abductor (AUC and 95% CI: 0.73 

[0.62-0.85]; cut-point value: 12 times of baseline EMG amplitude·s-1), and the peak EMG 

amplitude of hip abductor (AUC and 95% CI: 0.73 [0.62-0.85]; cut-point value: 6 times of baseline 

EMG amplitude) showed significantly acceptable abilities in classifying the older subjects with and 

without 1-year prospective falling; however, the other parameters after medial perturbations did 

not show or showed significantly poor classification abilities as indicated by the AUCs ranging 

from 0.57 to 0.69. 

After unexpected lateral perturbations, a series of biomechanical or neuromuscular responses 

underlying the delayed initiation and insufficient hip abduction and knee extension could 

significantly predict older subjects’ 1-year perspective fall status. In Model 3, the odds of 1-year 

prospective falling were increased by the elongated duration of knee sagittal power absorption 

and delayed timing of knee sagittal power generation, the delayed timing of knee extension 

moment and angle, and the reduced peak knee extension moment; in addition, the increased 

odds of 1-year prospective falling resulted from the delayed and decreased rate of activation of 

hip abductor, the delayed onset of hip frontal power generation and earlier timing of hip frontal 

power absorption, the decreased rate of rise and elongated duration of hip abduction moment, as 

well as the decreased duration and decreased peak value of hip abduction.  
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Table 6-5. ROC analyses for the parameters after large magnitude of unexpected waist-pull perturbations that showed significant Logistic regression with prospective 
fall status. 

Perturbation 
direction 

Parameter Unit 

OR (95% CI) 
Model 3 OR 

category 
AUC (95% CI) 

Cut-point value to 
predict 1-year fall 

risk 
Sensitivity Specificity AUC category 

Model 1 Model 2 Model 3 

Anterior Hip Abductor Rate of EMG rise 1 time of EMG baseline·s-1 0.94 (0.89 – 1.00) * 0.94 (0.89 – 1.00) * 0.94 (0.88 – 1.00) * Very small 0.66 (0.52 - 0.79) * < 7 baseline·s-1 0.46 0.85 Poor 

Anterior Hip Abductor Peak EMG amplitude 1 time of EMG baseline 0.79 (0.63 – 1.00) * 0.79 (0.63 – 1.00) 0.77 (0.60 - 0.99) * Very small 0.64 (0.50 - 0.77) * < 3 baseline 0.5 0.8 Poor 

Anterior Hip Abductor EMG burst duration 0.1 s 0.91 (0.82 - 1.00) * 0.91 (0.83 - 1.01) 0.88 (0.77 – 1.00) * Very small 0.68 (0.55 - 0.82) * < 384 ms 0.58 0.78 Poor 

Anterior Hip Flexion Time to peak angle 0.1 s 1.19 (1.01 - 1.41) * 1.18 (1.00 - 1.40) 1.19 (1.00 - 1.41) Very small 0.64 (0.51 - 0.78) * > 1422 ms 0.58 0.72 Poor 

Posterior Hip Abductor Rate of EMG rise 1 time of EMG baseline·s-1 0.93 (0.88 - 0.99) * 0.93 (0.88 - 0.99) * 0.93 (0.87 – 1.00) * Very small 0.69 (0.56 - 0.81) * < 14 baseline·s-1 0.81 0.52 Poor 

Posterior Hip Abductor Peak EMG amplitude 1 time of EMG baseline 0.72 (0.52 - 0.98) * 0.71 (0.50 – 1.00) 0.65 (0.45 - 0.94) * Very small 0.68 (0.54 - 0.81) * < 2 baseline 0.42 0.91 Poor 

Posterior Hip Frontal Power Absorption Time to peak 0.1 s 0.84 (0.70 - 1.00) * 0.84 (0.70 – 1.00) * 0.83 (0.69 – 1.00) * Very small 0.66 (0.52 - 0.79) * < 748 ms 0.73 0.61 Poor 

Posterior Hip Frontal Power Generation Time to peak 0.1 s 1.20 (1.02 - 1.43) * 1.21 (1.02 - 1.45) * 1.22 (1.01 - 1.48) * Very small 0.60 (0.45 - 0.74) > 838 ms 0.42 0.83 Poor 

Posterior Knee Sagittal Power Absorption Onset latency 0.1 s 0.80 (0.60 - 1.07) 0.8 (0.59 - 1.08) 0.69 (0.48 - 0.99) * Very small 0.68 (0.55 - 0.81) * < 232 ms 0.77 0.61 Poor 

Posterior Knee Sagittal Power Absorption Peak power 0.1 W·kg-1 1.74 (1.07 - 2.83) * 1.89 (1.14 - 3.12) * 1.99 (1.19 - 3.34) * Small 0.64 (0.51 - 0.78) * > 0.13 W·kg-1 0.39 0.91 Poor 

Posterior Knee Sagittal Power Generation Onset latency 0.1 s 1.23 (1.02 - 1.49) * 1.26 (1.03 - 1.55) * 1.25 (1.00 - 1.55) * Very small 0.64 (0.51 - 0.78) * > 483 ms 0.54 0.76 Poor 

Posterior Knee Sagittal Power Generation Time to peak 0.1 s 1.20 (1.01 - 1.42) * 1.26 (1.04 - 1.52) * 1.24 (1.02 - 1.52) * Very small 0.64 (0.50 - 0.78) * > 827 ms 0.54 0.8 Poor 

Medial Hip Abductor Rate of EMG rise 1 time of EMG baseline·s-1 0.93 (0.88 - 0.98) * 0.91 (0.86 - 0.97) * 0.9 (0.84 - 0.97) * Very small 0.73 (0.62 - 0.85) * < 12 baseline·s-1 0.65 0.74 Acceptable 

Medial Hip Abductor Peak EMG amplitude 1 time of EMG baseline 0.77 (0.63 - 0.94) * 0.76 (0.61 - 0.94) * 0.71 (0.55 - 0.92) * Very small 0.71 (0.60 - 0.83) * < 6 baseline 0.92 0.46 Acceptable 

Medial Hip Sagittal Power Generation Onset latency 0.1 s 0.83 (0.68 - 1.01) 0.82 (0.66 - 1.01) 0.79 (0.62 – 1.00) * Very small 0.63 (0.50 - 0.76) < 379 ms 0.81 0.5 Poor 

Medial Hip Flexion Moment burst duration 0.1 s 0.95 (0.90 - 0.99) * 0.95 (0.90 – 1.00) * 0.95 (0.90 – 1.00) Very small 0.66 (0.53 - 0.79) * < 1504 ms 0.62 0.74 Poor 

Medial Hip Extension Rate of moment rise 1 N·m·kg-1·s-1 2.80 (1.11 - 7.04) * 2.81 (1.09 - 7.22) * 3.56 (1.25 - 10.14) * Medium 0.64 (0.50 - 0.78) * > 0.96 N·m·kg-1·s-1 0.46 0.83 Poor 

Medial Hip Extension Peak moment 0.1 N·m· kg-1 1.78 (1.10 - 2.89) * 1.81 (1.07 - 3.06) * 1.67 (0.97 - 2.88) Very small 0.66 (0.52 - 0.79) * > 0.13 N·m·kg-1 0.58 0.8 Poor 

Medial Knee Sagittal Power Generation Peak power 0.1 W·kg-1 1.73 (1.08 - 2.76) * 1.74 (1.07 - 2.83) * 1.61 (0.99 - 2.61) Very small 0.58 (0.42 - 0.73) > 0.16 W·kg-1 0.42 0.91 Poor 

Medial Knee Extension Moment onset latency 0.1 s 0.89 (0.78 - 1.01) 0.88 (0.77 - 1.01) 0.76 (0.63 - 0.93) * Very small 0.68 (0.55 - 0.82) * < 250 ms 0.69 0.74 Poor 

Medial Knee Flexion Moment onset latency 0.1 s 1.09 (1.00 - 1.19) * 1.11 (1.01 - 1.22) * 1.15 (1.03 - 1.28) * Very small 0.64 (0.51 - 0.78) * > 828 ms 0.62 0.7 Poor 

Medial Knee Flexion Time to peak moment 0.1 s 1.20 (1.05 - 1.37) * 1.25 (1.07 - 1.46) * 1.30 (1.10 - 1.55) * Very small 0.69 (0.57 - 0.82) * > 1148 ms 0.85 0.5 Poor 

Medial Ankle Dorsiflexion Angle burst duration 0.1 s 0.92 (0.84 – 1.00) 0.91 (0.83 – 1.00) 0.89 (0.80 - 0.99) * Very small 0.65 (0.52 - 0.78) * < 1115 ms 0.85 0.41 Poor 

Medial Backward CoM displacement Onset latency 0.1 s 1.39 (1.09 - 1.78) * 1.42 (1.09 - 1.85) * 1.51 (1.12 - 2.04) * Very small 0.72 (0.60 - 0.84) * > 618 ms 0.65 0.74 Acceptable 

Medial Forward CoM displacement Peak amplitude 1 cm 1.36 (0.91 - 2.03) 1.54 (1.00 - 2.36) * 1.43 (0.92 - 2.23) Very small 0.57 (0.43 - 0.72) > 26 mm 0.35 0.89 Poor 

Lateral Hip Abductor EMG onset latency 0.1 s 2.85 (1.24 - 6.53) * 2.75 (1.22 - 6.25) * 3.12 (1.30 - 7.50) * Small 0.71 (0.59 - 0.83) * > 183 ms 0.46 0.89 Acceptable 

Lateral Hip Abductor Rate of EMG rise 1 time of EMG baseline·s-1 0.97 (0.95 – 1.00) * 0.97 (0.95 – 1.00) * 0.97 (0.95 – 1.00) * Very small 0.67 (0.55 - 0.80) * < 44 baseline·s-1 0.92 0.44 Poor 

Lateral Hip Frontal Power Generation Onset latency 0.1 s 1.20 (0.97 - 1.47) 1.25 (1.00 - 1.56) 1.28 (1.01 - 1.63) * Very small 0.62 (0.48 - 0.76) > 327 ms 0.58 0.74 Poor 

Lateral Hip Frontal Power Absorption Time to peak 0.1 s 0.89 (0.73 - 1.09) 0.84 (0.67 - 1.05) 0.76 (0.59 - 0.97) * Very small 0.62 (0.49 - 0.76) < 1105 ms 0.23 0.83 Poor 

Lateral Hip Abduction Rate of moment rise 1 N·m·kg-1·s-1 0.77 (0.51 - 1.16) 0.70 (0.45 - 1.11) 0.53 (0.30 - 0.94) * Small 0.52 (0.39 - 0.65) < 2.34 N·m·kg-1·s-1 0.92 0.24 Poor 

Lateral Hip Abduction Moment burst duration 0.1 s 1.07 (0.98 - 1.18) 1.08 (0.98 - 1.19) 1.12 (1.00 - 1.24) * Very small 0.59 (0.46 - 0.73) > 396 ms 0.81 0.39 Poor 

Lateral Hip Abduction Peak angle 5 ° 0.58 (0.25 - 1.34) 0.52 (0.21 - 1.32) 0.32 (0.10 - 0.97) * Small 0.55 (0.42 - 0.69) < 6 ° 0.89 0.33 Poor 

Lateral Hip Abduction Angle burst duration 0.1 s 0.91 (0.84 - 0.99) * 0.9 (0.83 - 0.99) * 0.91 (0.83 - 0.99) * Very small 0.62 (0.49 - 0.75) < 1274 ms 0.92 0.39 Poor 

Lateral Knee Sagittal Power Absorption Burst duration 0.1 s 1.38 (1.00 - 1.90) * 1.37 (0.99 - 1.90) 1.58 (1.10 - 2.28) * Very small 0.65 (0.51 - 0.78) * > 374 ms 0.46 0.85 Poor 

Lateral Knee Sagittal Power Generation Time to peak 0.1 s 1.22 (1.01 - 1.47) * 1.23 (1.01 - 1.50) * 1.30 (1.04 - 1.63) * Very small 0.65 (0.52 - 0.79) * > 837 ms 0.77 0.57 Poor 

Lateral Knee Extension Moment onset latency 0.1 s 1.17 (1.04 - 1.33) * 1.19 (1.04 - 1.36) * 1.23 (1.07 - 1.42) * Very small 0.69 (0.56 - 0.83) * > 550 ms 0.58 0.83 Poor 

Lateral Knee Extension Time to peak moment 0.1 s 1.10 (0.98 - 1.23) 1.11 (0.98 - 1.24) 1.14 (1.00 - 1.29) * Very small 0.64 (0.50 - 0.77) * > 1204 ms 0.58 0.76 Poor 

Lateral Knee Extension Peak moment 0.1 N·m·kg-1 0.84 (0.62 - 1.14) 0.82 (0.59 - 1.12) 0.64 (0.44 - 0.95) * Very small 0.61 (0.47 - 0.75) < 0.21 N·m·kg-1 0.69 0.61 Poor 

Lateral Knee Extension Angle onset latency 0.1 s 1.12 (1.02 - 1.22) * 1.11 (1.01 - 1.22) * 1.16 (1.05 - 1.29) * Very small 0.64 (0.50 - 0.78) > 657 mm 0.54 0.85 Poor 

Lateral Knee Extension Time to peak angle 0.1 s 1.09 (1.00 - 1.19) * 1.09 (1.00 - 1.18) 1.13 (1.02 - 1.25) * Very small 0.63 (0.49 - 0.77) > 1234 ms 0.46 0.85 Poor 

Data are from all subjects (n = 72). Model 1: Unadjusted logistic regression model. Model 2: Adjusted for age, sex, and BMI. Model 3: Model 2 + fall history status, Mini-BESTest score, short FES-I score, 
and PASE-C score. OR: odds ratio; CI: confidence interval. ROC: receiver operating characteristic; AUC: area under the ROC curve. * indicates that the logistic regression model was significant (two-sided, 
p < 0.05) or the AUC value was significantly different from 0.5 (two-sided, p < 0.05). CoM: center of mass. EMG: electromyographic. 
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Figure 6-3. The mean CoM displacements in older adults with (n = 26) and without (n = 46) prospective falling after each direction and magnitude of perturbations. 

The start of balance perturbation is denoted by t = 1s. CoM: center of mass. 
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Figure 6-4. The mean lower-limb joint motions in older adults with (n = 26) and without (n = 46) prospective falling after each direction and magnitude of perturbations. 

The start of balance perturbation is denoted by t = 1s. Add.: adduction. Abd.: abduction. Flex.: flexion. Ext.: extension. Dorsi.: dorsiflexion. Plantar.: plantarflexion. 
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Figure 6-5. The mean lower-limb joint moments in older adults with (n = 26) and without (n = 46) prospective falling after each direction and magnitude of perturbations. 

The start of balance perturbation is denoted by t = 1s. Add.: adduction. Abd.: abduction. Flex.: flexion. Ext.: extension. Dorsi.: dorsiflexion. Plantar.: plantarflexion. 
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Figure 6-6. The mean lower-limb joint powers in older adults with (n = 26) and without (n = 46) prospective falling after each direction and magnitude of perturbations. 

The start of balance perturbation is denoted by t = 1s. The red dotted line denotes the start of balance perturbation. Absorp.: absorption. Gener.: generation.  
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Figure 6-7. The mean EMG signals for eight lower-limb muscles in older adults with (n = 26) and without (n = 
46) prospective falling after each direction and magnitude of perturbations. 

The start of balance perturbation is denoted by t = 1s. EMG: electromyographic. GMed: gluteus medius. SA: sartorius. 
RF: rectus femoris. TA: tibialis anterior. AM: adductor magnus. GMax: gluteus maximus. BF: biceps femoris. MG: 
medial gastrocnemius. Add.: adductor. Abd.: abductor. Flex.: flexor. Ext.: extensor. Dorsi.: dorsiflexor. Plantar.: 
plantarflexor.  
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6.6 Discussions 

The objective of this study was to delve into alterations during reactive balance control that could 

predict fall risks or differentiate fall histories among the community-dwelling older people. This 

study innovatively elucidates the causes of impaired reactive balance control for falls, by 

controlling relevant confounding factors of falls and by comprehensively analyzing the lower-limb 

muscle activities as well as joint powers/moments/motions following unexpected waist-pull 

perturbations. Partly aligning with our hypotheses, the older adults with fall histories have utilized 

increased activation of ankle muscles to compensate for the insufficient activation of hip abductor 

and hip extensor following sudden balance loss, which seemed not to be an effective strategy as 

the subsequently enlarged lower-limb joint moments/powers/motions and postural sways have 

been required in contrast to non-fallers. However, many of the fall-related factors identified in the 

cross-sectional analysis could not predict the older adults’ prospective falling. The older adults’ 

higher risk of falls has been predicted by the hip abductor’s insufficient activation, especially the 

reduced activation rate, following sudden balance losses in both sagittal and frontal planes. The 

more absorbed hip/knee joint powers and insufficient hip/knee joint motions in response to sudden 

balance loss, especially mediolateral balance loss, have also indicated the older adults’ fall risks. 

These findings not only revealed the mechanisms of fall-prone people’s ineffective balance-

control strategy but also detected the more rooted alterations during reactive balance control that 

could indicate older adults’ high fall risks. The identified fall-risk factors and their cut-point values 

in this study could further facilitate a more sensitive fall-risk assessment and help detect the older 

adults with high fall risks earlier. Interventions targeting these identified fall-risk factors may also 

lead to better effects on enhancing reactive balance control and reducing falls in fall-prone people.    

6.6.1 Insufficient Activation of Hip Abductor in Reactive Balance Control Could 
Predict Fall Risks  

The primary finding of this study was that the slowed and reduced activation of hip abductor 

following unexpected waist-pull perturbations could predict the older adults’ prospective falling. 

Among the eight investigated hip, knee, and ankle muscles, only the activation of hip abductor 

has been observed with the ability to indicate older adults’ fall risks. As far as the authors know, 

this is the first study delineating such causal relationship. 

Older adults' higher risk of falls could be predicted by the smaller activation rate of hip abductor 

in response to sudden loss of balance. The important role of hip abductor's fast activation for 

maintaining reactive balance was previously reported (Inacio et al., 2019). In contrast to young 
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adults, older adults were found to have a smaller rate of EMG rise of hip abductor following 

unexpected lateral waist-pull perturbations (Inacio et al., 2019). Such alteration seemed to have 

explained why older adults used the loaded-leg stepping strategies less, which were more 

common in young adults and considered as the more effective stepping responses to avoid a real 

fall (Inacio et al., 2019; Mille et al., 2005). Our study has further provided the direct evidence of 

the hip abductor's activation rate following unexpected perturbations as a fall-risk factor 

independent of age, sex, etc. In addition, that fall risks could be predicted by the reduced 

activation rate of hip abductor has been true for not only the mediolateral perturbations but also 

the anteroposterior perturbations. Previous studies once reported how the values of hip 

abductor's activation rates (unit: multiples of baseline EMG amplitude) varied when suddenly 

losing balance in different directions (Tong et al., 2023; Zhu et al., 2024; Zhu et al., 2022). Larger 

activation rate was needed for resisting lateral balance loss, followed by medial or backward 

balance loss, and followed by forward balance loss (Tong et al., 2023; Zhu et al., 2024; Zhu et al., 

2022). In this study, the cut-point values of hip abductor's activation rates following the four 

horizontal directions of perturbations that could indicate older adults' fall risks have exhibited the 

similar trend (Table 6-5. Anterior: <7 baseline/s; Posterior: <14 baseline/s; Medial: <12 baseline/s; 

Lateral: <44 baseline/s). 

The delayed activation, reduced peak activation, and reduced activation duration of hip abductor 

following unexpected waist-pull perturbations could also predict older adults’ fall risks. On the one 

hand, apart from the smaller activation rate, the higher odds of prospective falling have been 

directly indicated by the hip abductor’s earlier EMG onset following lateral perturbations, larger 

peak EMG amplitudes following anteroposterior and medial perturbations, as well as shorter EMG 

burst duration following anterior perturbations. On the other hand, the insufficient activation of hip 

abductor during reactive balance control seemed to be accompanied by or be underlying the 

lower-limb kinetic and kinematic alterations that could also indicate fall risks. In this study, the 

causal relationships between the neuromuscular/biomechanical alterations during reactive 

balance control and fall risks have shown generally very small effect sizes. Nevertheless, it is 

worth noting that the insufficient hip abductor’s activation, and the subsequently reduced rate of 

hip abduction moment rise as well as reduced peak hip abduction angle have been identified with 

larger effect sizes in predicting the odds of prospective falling and/or better abilities in classifying 

the prospective fall status (Table 6-5), highlighting the importance of assessing hip abductor’s 

activation in reactive balance control assessment to enhance fall-risk detection among the older 

adults. 
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6.6.2 Altered Responses of the Proximal Lower-limb Joints in Reactive Balance 
Control Were More Indicative of Fall Risks 

The secondary finding of this study was that older adults’ prospective falling could be mostly 

predicted by their alterations in the hip and knee joints but not in the ankle joint following 

unexpected waist-pull perturbations. To the best of knowledge, causal relationships between the 

lower-limb joint kinematics/kinetics following sudden balance losses and the falls were reported 

little in prior studies. This finding has partially substantiated the previous reports on the age-

related alterations of lower-limb responses following perturbations, where older adults were found 

to exhibit prominently hip or suspensory strategies rather than ankle strategies following 

unexpected perturbations in contrast to young adults (Hall & Jensen, 2002; Osoba et al., 2019). 

On top of them, this study has found that older people’s higher risk of falls has been directly 

indicated by the more hip/knee joint power absorption as well as the insufficient hip/knee joint 

motion during reactive balance control. 

(1) Increased Hip and Knee Power Absorption in Reactive Balance Control Indicated 

Older Adults’ Fall Risks 

The more hip/knee joint power absorption following unexpected perturbations could predict older 

adults’ prospective falling, whereas the alteration of joint power generation that could indicate fall 

risks varied across different directions of sudden balance loss (Table 6-5). Specifically, the older 

adults’ higher odds of falling have been predicted by the earlier onset and larger peak value of 

knee sagittal power absorption and earlier peak timing of hip frontal power absorption following 

posterior perturbations, as well as the earlier peak timing of hip frontal power absorption and 

longer duration of knee sagittal power absorption following lateral perturbations. These alterations 

(larger peak value and elongated duration of power absorption) mean that more energy was 

absorbed in hip and knee joints during reactive balance control for the older people with high fall 

risks, given that energy equals power multiplying time. Unlike power absorption, the alterations of 

power generation indicating fall risks have been related to the perturbation directions. The older 

adults at higher risk of falls had less power generation following posterior and lateral perturbations 

(i.e., delayed timing of hip frontal power generation and knee sagittal power generation) but had 

more power generation following medial perturbations (i.e., earlier timing of hip sagittal power 

generation, larger peak value of knee sagittal power generation). With the more absorbed 

hip/knee joint power and less hip/knee power generation, older adults might be unable to have 

prompt reactions that could resist sudden loss of balance and therefore have increased fall risks. 
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For example, such alterations of powers following posterior perturbations could restrict the quick 

and adequate generation of knee flexion for a suspensory strategy, which has been reported as 

an effective balance-control strategy by lowering the CoM height to improve stability (Zhu et al., 

2024). By contrast, following medial perturbations, the increased hip/knee sagittal power 

generation in older adults with high fall risks seemed to be a way to compensate for their 

insufficient resistance to sudden balance loss due to the hip abductor’s activation of unloaded leg, 

which might have also explained their further responses of joint moments and motions as well as 

their higher ratio/frequency of unloaded-leg stepping responses (Table 6-2). 

(2) Insufficient Hip and Knee Joint Motions in Reactive Balance Control Indicated Older 

Adults’ Fall Risks 

The delayed and reduced hip/knee joint motions following unexpected perturbations could predict 

older adults’ prospective falling (Table 6-5). Specifically, the older adults’ higher odds of falling 

have been predicted by the delayed timing of hip flexion angle following anterior perturbations 

together with the reduced duration and peak value of hip abduction angle and delayed timing of 

knee extension angle following lateral perturbations. The alterations in lower-limb joint motions 

could be the basis of fall-related alterations in stepping responses. For example, following anterior 

perturbations, the insufficient activation of hip abductor together with the delayed hip flexion might 

have indicated that the hip strategy in older people with high fall risks could be not enough to 

maintain feet in place, which might have further explained their significantly higher stepping 

frequency compared with older people without prospective falling (Table 6-2). This has echoed 

with previous observation that older people with fall histories, i.e., older fallers, had more stepping 

responses in reactive balance control than older non-fallers (Bair et al., 2016). 

(3) Joint Moments Following Different Directions of Unexpected Perturbations Did Not 

Show Consistent Alterations that Could Indicate Older Adults’ Fall Risks  

Underlying these alterations of joint motions, the hip/knee joint moments did not show a consistent 

alteration that could indicate fall risks (Table 6-5). Specifically, following medial perturbations, the 

older adults’ higher odds of falling have been predicted by the reduced duration of hip flexion 

moment and delayed timing of knee flexion moment together with the larger rate of rise and peak 

value of hip extension moment, which might be related to their higher frequency of unloaded-leg 

backward stepping responses. Following lateral perturbations, the higher risk of falls has been 

indicated by the smaller rate of rise and elongated duration of hip abduction moment which might 
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be due to hip abductor’s insufficient activation, more absorbed hip frontal power, and delayed hip 

frontal power generation of the loaded leg. This finding has partially agreed with a previous study, 

where older adults exhibited a smaller peak value of generated hip abduction power and a smaller 

peak hip abduction moment than young adults for a loaded-leg step following unexpected lateral 

waist-pull perturbations (Inacio et al., 2019). On top of the age-related declines of hip joint moment 

and power in response to lateral loss of balance, our study has further identified the casual 

relationship between the delayed timing of hip frontal power generation (or earlier timing of hip 

frontal power absorption) and older adults’ fall risks. In addition, in this study, the higher risk of 

falls has been found to be indicated by the insufficient knee extension moment (delayed timing 

and smaller peak value) which might be due to the more absorbed knee sagittal power and 

delayed timing of knee sagittal power generation in the loaded leg.  

Generally, these alterations following unexpected mediolateral perturbations have echoed the 

previous studies reporting stepping characteristics (Bair et al., 2016; Mille et al., 2005). The older 

adults with fall histories had more unloaded-leg stepping responses and fewer loaded-leg 

stepping responses in contrast to those without fall histories (Bair et al., 2016). Such alteration in 

stepping response was also seen in the older adults in contrast to young adults (Mille et al., 2005). 

Our study has provided the direct evidence indicating fall risks and partially corroborated the 

previous findings. In this study, the similar alterations of loaded-leg/unloaded-leg stepping 

responses have been observed following mediolateral perturbations in older adults with 

prospective falling in contrast to those with prospective falling, but no significant differences 

existed between the two groups (Table 6-2); nevertheless, a series of more in-depth 

kinetic/kinematic alterations underlying the insufficient loaded-leg responses or exaggerated 

unloaded-leg responses have been observed to be able predict the older people’s fall risks in this 

study. This may imply that for some community-dwelling older people who have not exhibited the 

stepping impairment yet, their fall risks could be potentially identified earlier and more sensitively 

through the measurements of hip/knee joint responses in reactive balance control.  

6.6.3 Altered Responses to the Mediolateral Perturbations Could Predict Fall 
Risks Better 

The third finding of this study was that there were more alterations of lower limb following 

unexpected mediolateral perturbations that have shown better abilities in predicting older adults’ 

fall risks compared with following unexpected anteroposterior perturbations. On top of a prior 

study reporting that older adults with prospective falling had a higher frequency of multiple steps 
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following mediolateral waist-pull perturbations but not following anteroposterior waist-pull 

perturbations in contrast to older adults older without prospective falling (Mille et al., 2013), this 

study has further provided neuromuscular/biomechanical evidence explaining the underlying 

reason, i.e., the insufficient hip abductor’s activation as well as insufficient hip abduction mattered 

more to maintain mediolateral balance. 

More number of lower-limb alterations during sudden mediolateral balance loss have been 

observed to significantly indicate older adults’ fall risks, in contrast to during sudden 

anteroposterior balance loss (Table 6-5). Regarding the abilities of anteroposterior and 

mediolateral postural sways in differentiating older adults’ fall risks, the recent systematic review 

summarized that anteroposterior center-of-pressure (CoP) features in quiet standing were more 

discriminatory than mediolateral CoP features. However, our study seemed to have identified the 

opposite trend regarding the fall-differentiating abilities of reactive balance control, given that this 

study has observed more fall-related alterations in lower-limb joint kinetics/kinematics following 

the mediolateral perturbations than following the anteroposterior perturbations. More importantly, 

in contrast to following anteroposterior perturbations, the hip abductor’s activation rate following 

mediolateral perturbations has shown better ability in classifying older adults’ fall risks (Table 6-5. 

Anterior: poor. Posterior: poor. Medial: acceptable. Lateral: acceptable). The mechanism could be 

that hip abductor’s rapid activation has played a more important role in resisting sudden 

mediolateral balance loss than in resisting sudden anteroposterior balance loss, as suggested by 

the values of hip abductor’s activation rates following the four directions of perturbations in present 

and previous studies.(Tong et al., 2023; Zhu et al., 2024; Zhu et al., 2022) In addition, despite the 

“very small” effect sizes of most parameters in fall prediction, the delayed hip abductor’s activation 

and insufficient hip abduction moment/angle following lateral perturbations have shown larger 

effect sizes (i.e., “small”) in predicting older adults’ fall risks. The mechanism could be that these 

alterations have restricted the subsequent initiation of effective loaded-leg stepping strategies to 

avoid a real fall after a sudden lateral balance loss.(Bair et al., 2016; Inacio et al., 2019; Mille et 

al., 2005)  

6.6.4 Responses that Could Indicate Fall Histories May Not Indicate Fall Risks 

The fourth finding of this study was that the identified alterations following sudden balance loss in 

older fallers (i.e., older adults with fall histories) by comparing with non-fallers may not necessarily 

the risk factors of falls. On top of the prior preliminary study that examined the 

neuromuscular/biomechanical responses following unexpected perturbations in a limited size of 
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fallers and non-fallers (Zhu et al., 2024), this study may have provided more valid findings 

regarding the fall-history indicators given its justified and larger sample size.  

This study has found that fallers exhibited a quicker neuromuscular response following anterior 

perturbations but slower neuromuscular responses following posterior/medial/lateral 

perturbations as compared to non-fallers. This is consistent with the finding of our narrative review, 

as fallers were found to have quicker forward stepping response but slower 

backward/medial/lateral stepping responses (Chapter 2). Previous studies observed the delayed 

or slowed reactions of lower-limb muscles in fallers, e.g., the delayed EMG onset in ankle 

dorsiflexor following a suddenly backward balance loss induced by a moving platform (Studenski 

& Chandler, 1991), the delayed timing to peak EMG amplitude in ankle plantarflexor following a 

suddenly forward balance loss induced by a tether-release test (Ochi et al., 2014), the delayed 

EMG onset in loaded-leg hip abductor and knee flexor following a suddenly lateral balance loss 

induced by a shoulder-impact perturbation (Claudino et al., 2017). Nevertheless, the alterations 

in the specific ankle, knee, or hip muscles have varied across studies, which may be mainly due 

to the different paradigms used for inducing unexpected perturbations in different studies 

(Claudino et al., 2017; Ochi et al., 2014; Studenski & Chandler, 1991; Zhu et al., 2024). 

The reason was that some fallers did not fall in the follow-up of prospective falling, whereas some 

non-fallers were found to have experienced prospective falling in this study. In addition, the 

collection of fall history is more susceptible to recall bias than prospectively tracking falls. These 

have indicated that the detected fall-related alterations following sudden balance losses by 

comparing older fallers and older non-fallers could not fully delineate the causal relationships 

between reactive balance control performance and falls, given that the inquiry of fall history could 

be susceptible to recall bias and there was a small proportion of recurrent fallers in the faller group 

for this study (Deandrea et al., 2010; Nastasi et al., 2018). 

6.6.5 Implications for Clinical Fields 

The findings of this study could facilitate a more sensitive fall-risk assessment in clinical settings 

and give insights on the prescription of more targeted training/exercises to prevent community-

dwelling older people’s falls. While clinical tests are mainly based on a client’s number of steps to 

evaluate the performance of reactive balance control, they may have shown ceiling effects among 

the community-dwelling older adults without significant diseases. This study has found that the 

older adults’ fall risks could be predicted by the hip abductor’s slowed and reduced activation 
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following sudden balance loss. Particularly, the hip abductor’s activation following mediolateral 

perturbations has shown acceptable abilities in classifying the older adults’ fall risks. The cut-point 

values in this study could also provide quantitative references for the therapists to interpret the 

outcomes of reactive balance control. The monitoring of hip abductor’s activation in induced 

balance loss, especially in the mediolateral direction, may therefore help therapists have a more 

sensitive evaluation of the older adult’s fall risks. In addition, the results of this study suggest that 

exercises or rehabilitation training could focus on the proximal leg muscles and joints, especially 

the hip abductor and hip abduction, to enhance the fall-prevention effects in older adults, given 

that one recent study has reported the promising effects of two exercises that targeted hip 

abductor (i.e., laterally induced stepping training, hip abductor strengthening) on fall prevention 

among community-dwelling older people (Rogers et al., 2021). Moreover, the identified 

neuromuscular/kinematic/kinetic parameters in this study could serve as the multimodal dataset 

for the design of robotic assistive devices (e.g., the powered lower-limb exoskeleton) that can 

provide support for effective reactive balance control in fall-prone older population (Moreira et al., 

2021; Vlutters et al., 2018). 

6.6.6 Strengths and Limitations 

This is the first study that has investigated neuromuscular alterations and joint kinematics/kinetics 

during reactive balance control that could predict fall risks in older adults. The reactive balance 

control has been examined extensively through the investigation of eight major leg muscles and 

joint powers/moments/motions, and intensively through the analyses of both timing and amplitude 

parameters for each signal. The prospective falling has been tracked within 1 year through the 

monthly calendars to minimize the older participants’ recall bias. The potential factors that could 

confound the causal relationships between alterations of reactive balance control and falls have 

been controlled. The diagnostic accuracies of the identified neuromuscular/biomechanical 

alterations in classifying fall risks have been examined. With these valid approaches, this study 

can provide new evidence to enable a more sensitive fall-risk assessment and an earlier 

identification of the community-dwelling people who are prone to falls. New insights can also be 

provided by this study regarding the more targeted interventions for fall prevention. 

There are two limitations in this study. Firstly, this study did not focus on the older people with a 

history of recurrent falls or the older people with prospective multiple falls. Given that recurrent 

fallers had higher odds of future falling than fallers and could be the more typical representation 

of fall-prone people (Deandrea et al., 2010), some previous studies have compared recurrent 
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fallers and no-fallers in the cross-sectional analysis (Li et al., 2023) or used the multiple falls within 

the prospective follow-up period as the outcome (Hirase et al., 2020). As the objective of this study 

was to detect the more in-depth factors underlying reactive balance control for explaining why 

some older adults with relatively good health are prone to falls, both the single fallers and recurrent 

fallers were considered suitable for the faller group. Additionally, partly because of the relatively 

healthy cohort of older people recruited in this study, only a small number of older adults with 

prospective multiple falls have been observed and thus not suitable as an additional group in the 

regression analysis (Riley et al., 2019). The identified fall-related factors in this study may 

therefore have not fully revealed the alterations of reactive balance control in those older adults 

with higher fall risks. Secondly, this study did not perform a maximal voluntary contraction (MVC) 

test to determine the maximum EMG amplitude for each of the investigated eight leg muscles. 

Instead, the baseline EMG signal value during unperturbed standing has been used for EMG 

amplitude normalization. When interpreting the findings of EMG amplitude parameters in this 

study, it is therefore worth noting that they were reflecting the extent of muscle activation required 

for the perturbation task relative to normal standing. Thirdly, it should be noted that the reactive 

balance involves not only motor output but also the sensory input (Figure 1-2). The axons 

innervating the human arm, sensory axons outnumber motor axons in a ratio of 9:1 (Gesslbauer 

et al., 2017). Similar work has not been done for the lower extremities but one may speculate that 

a similar ratio exists for the lower extremities, emphasizing the critical role of sensory input. 

Therefore, the delayed/slower neuromuscular activation could be attributed to not only the number 

or firing rate of motor units but also the inputs of proprioceptive/vestibular/visual sensations. 

Regarding the role of sensory input, this study excluded people with a vestibular disease or 

significant visual impairment. Based on the score of sensory orientation (including the test 

disturbing proprioception), a subcategory of the Mini-BESTest, no significant difference was found 

between fallers and non-fallers or between prospective fallers and prospective non-fallers. 

Nevertheless, future study may consider directly measuring the proprioception of hip, knee, or 

ankle joint.  

6.7 Conclusion 

This study has identified a series of neuromuscular/biomechanical alterations that could indicate 

fall risks/histories in older adults. The altered responses in proximal lower-limb joints/muscles 

during reactive balance control, especially the insufficient hip abductor’s activation and the 

alterations following sudden mediolateral balance loss, can predict fall risks in older adults, 

although these parameters have just shown poor to acceptable abilities in classifying fall risks. 
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However, most of the fall-related factors identified by the comparison of older people with and 

without fall histories have not been the risk factors of falls. These findings highlight the importance 

of measuring the hip abductor’s activity during reactive balance control assessment for a more 

sensitive and earlier detection of the fall-prone older adults. It is also implied that the exercises or 

robotic assistive devices targeting hip and knee joints could enhance the fall-prevention effects in 

older adults.
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Chapter 7 Discussions and Implications 

7.1 Chapter Summary 

Overall, this PhD project has conducted four relevant studies step by step to realize the 

identification of in-depth neuromuscular/biomechanical mechanisms underlying reactive balance 

control that can indicate older adults’ fall risks. This chapter firstly discusses the link of the four 

studies conducted in this PhD project. Subsequently, this chapter compares the findings of the 

four studies and delves into their similarities and differences. Lastly, this chapter discusses the 

implications for clinical practice and outlines future research directions. 

The designs of the four observational studies have been based on the findings of the two 

conducted literature reviews in this PhD project. The systematic review and meta-analyses on 

lower-limb rapid strength has suggested that the decline in entire lower-limb power can indicate 

community-dwelling older people’s fall histories/risks, while the rapid strength of a single muscle 

group shows insufficient distinguishing ability due to the small number of relevant studies (Zhu, 

Zuo, et al., 2025). In addition, the narrative review regarding the response speed of reactive 

balance control has suggested that the altered stepping characteristics and delayed whole-body 

postural sways may indicate community-dwelling older adults’ fall histories/risks, while the 

evidence of neuromuscular responses was insufficient and the evidence of joint kinetics or 

kinematics was lacking. Given these limitations in prior studies, the four studies have been 

designed in this PhD project. 

Among the four studies, the later study has been designed and optimized based on the outcomes 

of the preceding study. This has been reflected on how we dealt with the crosstalk issue of EMG 

and the processing of MMG signal. Regarding the EMG crosstalk, while the iliopsoas was 

examined as the hip flexor in the pilot study of waist-pull experiments, the sartorius was chosen 

in subsequent studies due to its more superficial and distinguishable location in contrast to the 

deeper iliopsoas. Similarly, the semitendinosus served as the knee flexor in pilot studies of young 

adults; however, in later studies, the long head of the biceps femoris was selected as the knee 

flexor to minimize EMG signal crosstalk, as it was anatomically distant from the investigated hip 

adductor. Regarding the MMG signal processing, the pilot studies of waist-pull and moving-

platform experiments have tried different filtering methods to isolate the muscle vibration signals 

from the accelerometry data that were collected in human’s dynamic situations. However, neither 

method of MMG signal processing yielded sensible results, as the time lag between EMG onset 

and MMG onset did not align with findings from prior studies. Given the immature techniques of 
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MMG signal processing in human’s dynamic situations, the later studies in older adults did not 

have further analysis of MMG signals during reactive balance control.  

As the main aim of this PhD project was to investigate the in-depth mechanisms of reactive 

balance control in fall-prone older people, previous chapters have separately discussed how the 

identified neuromuscular/biomechanical alterations could indicate the fall histories and the fall 

risks in older adults. The main findings were: older adults’ prospective fall risks could be predicted 

by a series of neuromuscular/kinematic/kinetic alterations following unexpected waist-pull 

perturbations with the very small to medium effect sizes, including the insufficient activation of hip 

abductor, the more absorbed hip/knee joint power, the insufficient hip/knee joint motions etc.  

Beyond discussions on how the reactive balance control strategies were associated with fall 

histories or fall risks, how the reactive balance control strategies were associated with other 

factors are discussed below. 

7.2 Parameters Indicating Fall Histories vs. Fall Risks 

In this PhD project, study 4 not only retrospectively compared the older fallers and older non-

fallers but also prospectively examined what factors underlying reactive balance control could 

predict fall risks in these older participants. As far as the authors know, no prior studies have 

concurrently reported how the reactive balance control strategies would indicate fall histories and 

fall risks in a same cohort of older people. This study has found that the altered responses in 

reactive balance control observed when comparing older fallers to older non-fallers did not 

demonstrate the ability to predict future fall risks. This suggests the fall-history-based 

comparisons may not fully capture the causal mechanisms linking reactive balance control to 

actual fall risk. Since the inquiry of fall history could be susceptible to recall bias and most fallers 

had a history of only one fall in study 4, the differences of reactive balance control detected in 

older fallers vs. older non-fallers may not completely reflect the deficits of reactive balance control 

in older adults with high fall risks (Deandrea et al., 2010; Nastasi et al., 2018). 

7.3 Waist-pull vs. Translational Moving-platform Perturbations 

Although comparing the reactive balance control strategies following waist-pull perturbations and 

following translational moving-platform perturbations was not the main aim of this PhD project, 

some interesting findings have been observed. 
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The key difference for the two perturbation methods is that they induced the subject’s sudden 

balance loss in different ways and simulated different scenarios. On the one hand, the two 

perturbations were delivered to the subject’s different body parts (pelvis vs. under foot). This 

caused that the same direction of waist-pull perturbation and translational moving-platform 

perturbation would immediately induce the subject’s sudden balance loss towards opposite 

directions. For example, the anterior waist-pull perturbations would firstly induce the subject’s 

forward postural sways, while the anterior translational moving-platform perturbations would firstly 

induce the subject’s backward postural sways. Therefore, it is more sensible to compare the two 

types of perturbations that induced the sudden balance losses towards the same direction. On 

the other hand, the two perturbation methods may simulate different real-life scenarios that 

require reactive balance control. The waist-pull perturbations are like the "pull tests" performed 

by clinicians to assess a subject's reactive balance control (Foreman et al., 2011). In contrast, the 

translational moving-platform perturbations mimic the experience of standing in an accelerating 

or decelerating environment, such as a moving cabinet. 

It is interesting to observe some similarities in responses following the two different 

perturbations. Firstly, regarding the responses across the eight investigated leg muscles, ankle 

muscles consistently exhibited early onset/peak timing of activation and exhibited the largest 

activation rate following both anteroposterior and mediolateral perturbations. This phenomenon 

was understandable for the translational moving-platform perturbations, since the perturbations 

were directly exerted under the feet. However, this phenomenon was also seen following waist-

pull perturbations. These suggest that the rapid activation of ankle muscles is paramount in the 

primary defense against sudden balance loss, regardless of whether the perturbation is applied 

distally or proximally. Secondly, regarding the responses across the varied perturbation 

magnitudes/intensities, the larger magnitude/intensity of two perturbations could both evoke 

earlier/faster responses in lower-limb muscles but might not necessarily in lower-limb joint 

motions or postural sways. This implies that the quicker lower-limb muscle activation is crucial 

and enough for effective balance maintenance during more challenging situations. Since the 

parameters such as EMG onset latency, time to EMG peak amplitude, and rate of EMG rise can 

be modulated by perturbation magnitudes, they may potentially serve as valuable metrics in 

perturbation-based balance training for biofeedback and training outcome assessment (Gerards 

et al., 2023).  

Beyond the muscle- and perturbation-level similarities, key differences were also found in the fall-

related responses to the two types of perturbations. Shortly after the translational moving-
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platform perturbations, fallers tended to use the suspensory strategy (i.e., bending knees) in 

contrast to non-fallers. In contrast, after the waist-pull perturbations, fallers relied more on the 

ankle strategy in contrast to non-fallers. However, a common finding was that fallers exhibited the 

delayed activation of hip extensor in contrast to non-fallers, regardless of perturbation type. The 

similarities emerged more during the recovery phase, where fallers consistently showed the 

smaller co-contraction of hip/knee/ankle muscle pairs, elongated ankle dorsiflexor activation, 

larger hip/knee flexion angles and postural sways than non-fallers. Together, such findings 

suggest that while the fall-prone older adults’ initial reactions to the different types of perturbations 

may differ, the less effective balance recovery strategies used by fall-prone older adults were 

similar across perturbation types. 

As far as the authors know, there has been limited evidence regarding how the different 

perturbations methods affect balance-control strategies. One previous study compared reactive 

balance control strategies following different perturbation methods in the same cohort of human 

subjects (Verniba & Gage, 2020). The participated young adults had a higher frequency of making 

multiple steps following anteroposterior translational moving-platform than following 

anteroposterior shoulder-pull perturbations, which seemed to indicate that translational moving-

platform perturbations were more challenging (Verniba & Gage, 2020). This PhD project has 

observed a similar phenomenon when designing study 1 and study 2. In the attempts before study 

2, the large magnitude used in waist-pull perturbations was found to be too challenging for the 

subjects when applied to the translational moving-platform perturbations. Therefore, the medium 

magnitude of waist-pull perturbation was used as the highest intensity of moving-platform 

perturbation in this PhD project (Figure 7-1). Additionally, it is worth noting that the same cohort 

of young subjects participated in study 1 (moving-platform perturbations) and study 3 (waist-pull 

perturbations). Further statistical analyses are merited to compare the neuromuscular/kinematic 

differences following the two types of unexpected perturbations, which may provide enriched 

mechanisms of reactive balance control. 
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Figure 7-1. The pulling displacements of waist-pull and moving-platform perturbations. 

7.4 Older Adults vs. Young Adults 

Since investigating the age-related alterations of reactive balance control strategies was not the 

aim of this PhD project, statistical analysis was not conducted to compare older adults and young 

adults. Some preliminary observations in older vs young adults are as below. 

Key differences were found regarding the stepping responses. Older adults were found to have 

the stepping strategy more frequently than young adults following the same magnitude of 

unexpected perturbations in this project. Additionally, in contrast to young people, older people 

were found to have the stepping strategy following a rather small perturbation. These alterations 

have aligned with the previous reports (Mille et al., 2013; Mille et al., 2005), which could be 

attributed to the age-related decline in limits of stability and muscle function. Prior studies also 

reported that older people used fewer loaded-leg stepping strategies and more unloaded-leg 

stepping strategies following mediolateral waist-pull perturbations in contrast to young adults 

(Mille et al., 2005). The unloaded-leg stepping strategy could be an ineffective strategy due to its 

drawbacks such as the more frequent multiple steps, prolonged single-limb support time, higher 

chances of limb collisions, and diminished base of support upon initial step landing (Bair et al., 

2016; Inacio et al., 2019). This phenomenon has been partially proved by the observation in this 

PhD project, where older adults have exhibited unloaded-leg stepping strategies more frequently 

than young adults. Further statistical analysis may be needed to verify these preliminary 

comparisons. 

Some similarities were found regarding the sequence of lower-limb joint/muscle responses. For 

both the older adults and young adults, this project has observed that ankle muscles had the 

largest activation rates of ankle muscles among the eight investigated muscles. The response 

patterns of lower-limb joint moments following unexpected waist-pull perturbations were also 
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similar across age groups. For instance, anterior waist-pull perturbations consistently induced 

early responses of ankle dorsiflexion moment, knee extension moment, and hip flexion moment 

for both older and younger adults. For example, the anterior waist-pull perturbations consistently 

induced the early responses of ankle dorsiflexion moment, knee extension moment, and hip 

flexion moment. In addition, the difference in lower-limb joint motions was observed between the 

two age groups in this project. By using independent sample t tests or Mann-Whitney U tests to 

compare moving-platform responses in young (study 1) vs. older adults (study 2), some significant 

neuromuscular alterations have been found following the highest intensity of mediolateral 

perturbations (Figure 7-2). It is interesting to find that older and young people also differed in the 

hip abductor activation for reactive balance control, since the slower response in hip abductor 

activation has been also observed in prospective fallers as compared to prospective non-fallers 

(study 4). However, age-related significant neuromuscular differences were not observed only in 

the hip abductor but also in other hip/knee/ankle muscles. This indicates that the age-related 

differences in reactive balance were not exactly the fall-related ones. Such finding also echoes a 

previous study where older people were reported to have slower ankle plantarflexor activation 

and generally slower leg muscle activation following mediolateral moving-platform perturbations 

(Jeon et al., 2021). Other statistical analysis results to examine the age-related alterations in each 

specific lower-limb joint/muscle response will be published in additional journal articles. 

 

Figure 7-2. Older adults’ significant electromyographic (EMG) alterations as compared to young adults 

following the highest mediolateral moving-platform perturbations (p < 0.05). 
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7.5 Intrinsic vs. Extrinsic Measures of Reactive Balance Control to Indicate Fall 
Histories/Risks 

This PhD project has focused on the intrinsic measures (i.e., lower-limb muscle/joint responses) 

of reactive balance control and examined their diagnostic accuracies in predicting the older adults 

with prospective fall risks. The intrinsic measures have exhibited poor to acceptable abilities in 

distinguishing the older people with prospective falls from those without prospective falls (AUC 

ranging from 0.64 to 0.73). Among them, hip abductor’s reduced activation rate (AUC = 0.73) and 

peak activation (AUC = 0.71) following medial waist-pull perturbations along with the hip 

abductor’s delayed activation following lateral waist-pull perturbations (AUC = 0.71) have shown 

acceptable abilities in fall-risk identification. These suggest that insufficient hip abductor’s 

activation can be used in assessment of reactive balance control in mediolateral direction to 

detect the older people with high fall risks. Furthermore, does this imply that only the hip abductor 

needs to be measured for fall-risk assessment in future clinical practice?  

Take the eight leg muscles’ EMG onset latencies following lateral waist-pull perturbations for 

example (Figure 7-3). Firstly, the precision of fall-predictive abilities should be considered. 

Although only the larger EMG onset latency of hip abductor could significantly predict the 

prospective falls among the eight muscles, its wide confidence interval should be noticed. The 

wide confidence interval indicates the imprecision of the effect estimate, namely that the future 

research is likely to change the effect estimate. In addition, the EMG onset latency of ankle 

dorsiflexor also exhibited a wide confidence interval of effect estimate, implying a future study 

with a larger sample size may possibly observe its significant fall-predictive abilities. Secondly, 

the characteristics of the cohort of older adults recruited in this study should be noted. The 

eligibility criteria for participating in the waist-pull experiments have excluded the community-

dwelling older people with significant diseases or with poor physical function. The recruited older 

participants were therefore those with relatively good health. Additionally, this cohort of older 

people was not that old (mean age < 70 years old). The results obtained may not be generalized 

to the frail older people or those living in nursing homes. In other words, the cohort of older 

participants may not be a representative sample of the generally older population. Thirdly, based 

on Hill’s criteria for causality, future research is still merited to examine whether the slower 

activation of hip abductor can consistently predict older people’s prospective falls with a strong 

association (Schünemann et al., 2011).  
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Figure 7-3. Fall-predictive abilities and effect size categories of eight leg muscles’ EMG onset latencies 

following unexpected waist-pull perturbations. 

Previous studies have explored extrinsic measures, such as whole-body postural sways and 

stepping responses, in detecting older adults with fall histories or risks. One prior study reported 

that the delayed time to peak CoP displacement for maintaining feet-in-place strategies following 

unexpected mediolateral translational perturbations could identify the older adults with 

prospective falls with a non-significant poor accuracy (AUC = 0.68, p > 0.05) (Maki et al., 1994). 

Similarly, a recent meta-analysis revealed that a greater number of steps following reactive step 

tests (including waist-pull perturbations, tether-release tests, and induced slips) showed non-

significantly acceptable accuracy in distinguishing the older adults with fall histories/risks, 

although with a broad 95% confidence interval ranging from 0.47 to 0.90 (AUC = 0.74, p > 0.05) 

(Okubo et al., 2021). 
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Together, these findings suggest that both the intrinsic neuromuscular/biomechanical measures 

and the extrinsic measures of reactive balance control may offer similar abilities in identifying fall 

risks. While intrinsic measures can reflect the fundamental reasons behind declines in reactive 

balance control among the fall-prone older adults and have significant accuracies in fall prediction, 

they might not improve the fall-predictive ability or accuracy a lot compared to the traditional step 

responses or postural sway measurements. 

7.6 Suggestions and Implications for Clinical Practice 

Firstly, the findings of this project can provide evidence and suggestions for advancing fall-risk 

assessment. This study has found that the insufficient activation of hip abductor following sudden 

balance loss can indicate both fall risks and fall histories among the community-dwelling older 

people. Particularly, the insufficient activation of hip abductor following mediolateral sudden 

balance loss has exhibited acceptable abilities, which are comparable to the traditional postural 

sway or stepping response measures, in identifying the older people with high fall risks. Given 

these, this project suggests that the measurement of hip abductor’s activities can complement 

the current clinical assessments in fall-risk detection. By leveraging the cut-point values derived 

from this research, therapists can gain valuable insights into interpreting outcomes related to 

reactive balance control and identify individuals at higher risk of falls, thereby facilitating decision 

making. Nevertheless, the feasibility and cost-effectiveness of adding an EMG sensor for fall-risk 

assessment need to be further determined. 

Secondly, this project can provide insights for enhancing fall-prevention management. The 

findings of this project may imply that exercises targeting the specific proximal lower-limb joints 

and muscles, especially the hip abductor, could potentially yield more benefits in preventing falls 

among older adults. For example, one recent study reported that both the two exercises that 

targeted hip abductor, (i.e., reactive step training induced by lateral waist-pull perturbations, hip 

abductor resistance training) can reduce community-dwelling older people’s fall incidences, 

although the reactive step training did not show additional fall-prevention effects compared to 

resistance training (Rogers et al., 2021). It is expected that using the hip abductor’s activation as 

the outcome for each session of reactive step training may give clients valuable feedback on their 

training performance from the previous session and may aid clinicians in tailoring the progression 

of a client's overall training regimen. Further studies are merited to examine if incorporating hip 

abductor activation monitoring can enhance the efficacy of reactive step training in preventing 

falls among older adults. 
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7.7 Limitations of This Project  

Firstly, some limitations existed in EMG and MMG signal processing. Regarding EMG signal 

processing, this PhD project did not do maximal voluntary contraction (MVC) tests for the eight 

investigated leg muscles to obtain maximum EMG amplitudes as the references of normalization. 

Instead, the baseline EMG signal values during unperturbed standing were utilized for normalizing 

EMG amplitudes. Therefore, when interpreting the EMG amplitude parameters, it is essential to 

recognize that they represented the level of muscle activation needed for the perturbation task in 

comparison to standard standing conditions. If time permitting, future research may try to conduct 

MVC tests for each leg muscle or conduct functional tasks (e.g., limit of standing stability test by 

leaning forward/backward/sideways) to get the reference EMG signal values for normalization. 

Regarding the MMG signal processing, it is worth noting that the methods of isolating MMG signal, 

i.e., muscle vibration signal, from the accelerometry data of dynamic situations that were tried in 

this project were still immature. 

Secondly, for the studies enrolling older adults, this project did not recruit only recurrent fallers as 

the fall-prone older group. A previous study has reported that in contrast to fallers (including single 

fallers and recurrent fallers), recurrent fallers had higher odds of prospective falls and could be 

the more typical representation of fall-prone people. Nevertheless, this project attempted to 

investigate the more intrinsic mechanisms during reactive balance control that can indicate the 

fall histories/risks in older people with relatively good health. Therefore, this project did not restrict 

the enrollment of single fallers. Comparing older recurrent fallers with older non-fallers may 

possibly reveal a greater number of neuromuscular and biomechanical factors related to falls. 

Thirdly, the sample size for the prospective cohort analysis was not adequately justified. In study 

4, the sample size of 72 older subjects was estimated from the pilot cross-sectional analysis that 

compared older fallers and older non-fallers. During the tracking of prospective falls in this cohort 

of older subjects, only a small percentage experienced multiple falls (7/72). This rendered the 

investigation of risk factors for multiple falls unsuitable for regression analysis. Further research 

may be necessary to delve deeper into this aspect. 

Lastly, multiple separate statistical analyses were conducted to investigate the ability/accuracy of 

a single measure of reactive balance in fall prediction, giving rise to typeⅠerror; besides, it 

remains a debate to use a composite score of multiple measures or use a single measure for fall-

risk assessment. One the one hand, beyond using independent sample t tests or Mann Whitney 
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U tests to separately examine the fall-related differences in each amplitude/temporal parameter 

of a signal, future attempts will be made to try some other statistical methods (e.g., statistical 

parametric mapping) to compare fall-related neuromuscular/biomechanical time-series data. This 

way may reduce the number of statistical inferences. On the other hand, it should be noted that 

based on this PhD project, a single neuromuscular/biomechanical measure of reactive balance 

showed only a very small to small fall-predictive ability and a poor to acceptable fall-predictive 

accuracy. This partially reflects the multi-factorial nature of cause for falls (Ma et al., 2024). While 

identifying a single major cause for falls is essential for targeted intervention to prevent future falls, 

a composite score of fall risks based on multiple measures may help identify the fall-prone older 

people without a significant disease/impairment early. Further exploration of the data of this PhD 

project is merited. 

Chapter 8 Future Work 

Given the limitation of this PhD project, there are some future research directions as below. 

Firstly, the muscle contractile properties that can indicate older adults’ fall risks merit further 

investigation. On the one hand, methods of processing accelerometry could be further optimized 

to make the detection of muscle vibrations in dynamic situations, e.g., reactive balance control, 

possible. Besides, with the most recent development of ultrafast ultrasound imaging technology, 

a more real-time characterization of muscle vibrations became possible. This new MMG approach, 

called sono-mechano-myo-graphy (SMMG), sampled the isometric muscle contractions at a very 

high frequency of 20 kHz (Ling et al., 2020). With the EMG and MMG signals, it might be better 

understood whether the delayed reaction in fall-prone older people is correlated more with the 

deficits in neural drive or with the deficits in contraction. On the other hand, alternative methods 

of measuring muscle contractile properties can be tried. Sonomyography (SMG, e.g., ultrasound 

imaging of muscles) enables visualizing skeletal muscle morphology and more subtle 

architectural changes of muscle contractions (e.g., muscle thickness, fascicle length, pennation 

angle) which are assumed as the basis of force generation during reactive balance control (Azizi 

et al., 2008; Li et al., 2015). With the advancing of ultrasound imaging technology, some wearable 

SMG devices have been available, making the observation of muscle morphological change in 

dynamic situations possible (Liu et al., 2024; Lyu et al., 2022; Ma, Ling, et al., 2019). In addition, 

the SMG can visualize the muscles in a deeper layer, which are assumed important for postural 

control but cannot be detected by the surface EMG. Given that the identified 

neuromuscular/biomechanical measures of reactive balance control in this project have shown 
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similar fall-risk detection abilities compared with the traditional extrinsic measures, it is expected 

that muscle contractile properties detected by SMG could reveal the more intrinsic deficits of fall-

prone older people’s reactive balance control and provide more sensitive fall-risk assessment. In 

addition, the SMG technology can avoid the crosstalk issue of EMG. However, the drawbacks of 

using SMG should be also noted, such as relatively low sampling frequency, no guideline 

consensus on the ultrasound probe location on a muscle. 

Secondly, considering the recurrent or injurious fallers higher risks of future falls, research and 

fall-prevention management may need to prioritize these groups, especially when resources are 

limited. 

Thirdly, further studies are merited to investigate if incorporating the monitoring of hip abductor 

activities can enhance the efficacy of perturbation-based balance training (PBT) in preventing falls 

among older adults. In the last twenty years, PBT has been emerging to target the improvement 

of reactive balance control (McCrum et al., 2022; Zhu, Schulte, et al., 2025). This kind of training 

delivers the unexpected perturbations with sufficient intensity to challenge a person’s balance 

control in a controlled and safe environment, during which the person can react and adapt to the 

sudden loss of balance and learn the balance recovery strategies gradually (McCrum et al., 2022). 

Nevertheless, the PBT did not show consistent abilities in reducing older adults’ real-life fall 

incidences (Pai et al., 2014; Wang et al., 2022; Zhu, Schulte, et al., 2025). As the reduced and 

slowed activation of hip abductor during reactive balance control indicate fall risks in older adults, 

monitoring the hip abductor’s activation is expected to provide supplementary feedback on fall-

related performance to both clinicians and older adults, which is expected to ultimately improve 

the effectiveness of PBT in preventing falls among older adults. 

It is worth noting that the fall prevalence seemed to have decreased within the past two decades. 

Globally, the annual prevalence of falls in older adults has reduced from 28%-35% (World Health 

Organization, 2008) to 26.5% (Salari et al., 2022). In Hong Kong communities, the annual 

prevalence of falls in older adults has reduced from 19.3% (Chu et al., 2007) to 15.7% (Elderly 

Health Centre, 2023). These facts can partially reflect that the efforts in fall prevention works. 

Having built more evidence on using reactive balance test for fall-risk assessment, this PhD 

project expects to contribute to the design of more targeted reactive balance training for fall 

prevention in the future.   
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Chapter 9 Conclusions 

This project has found the below enriched neuromuscular/biomechanical mechanisms of reactive 

balance control in both young and older adults. (1) Ankle muscles exhibited early activation, and 

had the largest activation rates among the eight investigated leg muscles irrespective of 

perturbation directions (anterior/posterior/medial/lateral) and methods (waist-pull/moving-

platform perturbations). (2) Lower-limb joint responses that followed the direction of waist-pull 

perturbation had rapid and major responses for both young and older adults. (3) Lager 

magnitudes of perturbations could evoke faster responses in leg muscle activities but may not in 

lower-limb joint motions or postural sways, irrespective of perturbation directions and methods. 

This project has identified the neuromuscular/biomechanical alterations underlying reactive 

balance control that were related to older adults’ fall histories. (1) In contrast to older non-fallers, 

older fallers tended to use the suspensory strategy to compensate for the slower initiation of ankle 

and hip strategies following unexpected translational moving-platform perturbations; however, this 

led to their elongated and overacted balance recovery. (2) In contrast to older non-fallers, older 

fallers exhibited a quicker neuromuscular response following anterior waist-pull perturbations but 

slower neuromuscular responses following posterior/medial/lateral waist-pull perturbations. Such 

alterations might explain their alterations in stepping responses. 

This project has found that older adults’ prospective falls could be predicted by the 

neuromuscular/biomechanical alterations following unexpected waist-pull perturbations as below: 

(1) slowed and reduced activation of only hip abductor among the eight investigated leg muscles, 

(2) altered responses mostly in hip/knee joint than in ankle joint, including the more absorbed 

hip/knee powers and (3) alterations mostly in response to the mediolateral perturbations than 

anteroposterior perturbations. Taken together, this project suggests the importance of monitoring 

hip abductor’s activation to complement the current assessment of reactive balance control in 

identifying the community-dwelling older adults with high fall risks, and provides insights on the 

development of more targeted fall-prevention exercises. 
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