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Abstract: In our currently ageing society, fall prevention is important for better healthy life expectancy
and sustainable healthcare systems. While active outdoor walking is recommended as adequate
exercise for the senior population, falls due to tripping and slipping exist as the primary causes
of severe injuries. Minimum foot clearance (MFC) is the lowest vertical height of the foot during
the mid-swing phase and indicates the risk of tripping. In contrast, coefficient of friction (COF)
factors determine the occurrence of falls from slipping. Optimisation of the MFC and the COF for
every step cycle prevents tripping and slipping, respectively. Even after the initiation of hazardous
balance loss (i.e., tripping and slipping), falls can still be prevented as long as the requirements
for balance are restored. Biomechanically, dynamic balance is defined by the bodily centre of mass
and by the base of support: spatially—margin of stability and temporally—available response time.
Fall prevention strategies should, therefore, target controlling the MFC, the COF and dynamic
balance. Practical intervention strategies include footwear modification (i.e., shoe-insole geometry
and slip-resistant outsoles), exercise (i.e., ankle dorsiflexors and core stabilisers) and technological
rehabilitation (i.e., electrical stimulators and active exoskeletons). Biomechanical concepts can be
practically applied to various everyday settings for fall prevention among the older population.
Keywords: fall prevention; tripping; slipping; dynamic balance; minimum foot clearance; required
coefficient of friction; margin of stability; available response time; gait analysis; biomechanics
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1. Introduction
Advancements in medical science and social security systems support longevity, and
in our modern society, the life expectancies of developed nations are generally above 80 yrs,
which has sharply increased since the middle of the last century [1]. While humans have
pursued a longer lifespan, if their well-being and quality of life (QOL) are insufficient, not
only senior individuals themselves but also the surrounding family could suffer due to
the need for constant care and high medical costs. For a country with a severe trend of
ageing, such as Japan, healthcare costs (i.e., medical, long-term nursing care, etc.) have
already exceeded the total national revenue [2]. As taxation alone is not sufficient, national
bonds have been issued as one of the few options to match these increasing financial
demands [3,4]. Without accommodating for the fundamental adaptations necessary for
an ongoing ageing society, current unsustainable healthcare systems will soon face critical
degradation. Instead of mere longevity, our attention should be shifted to the concept
of ‘healthy life expectancy’, broadly defined as “the time in which people can live with
sufficient well-being and QOL” [5]. To improve our ‘healthy life expectancy’, it is important
to prevent or even reverse the onset of ‘frailty’ among older adults.
‘Frailty’ in the context of ageing refers to general health declines, which can be divided into physical (e.g., sarcopenia), mental (e.g., depression) and social components
(e.g., isolation) [6,7]. As illustrated in Figure 1, falls are the devastating result of frailty and
a trigger for other health issues [8]. The current review, therefore, focuses on ‘falls among senior adults’ due to the high frequency and serious consequences of falls (i.e., hospitalisation
and injury-related death).
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among senior adults’ due to the high frequency and serious consequences of falls 2(i.e.,
hospitalisation and injury-related death).

Figure 1. Diagram of frailty, falls and associated elements.
Figure 1. Diagram of frailty, falls and associated elements.
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Globally, about one in three older adults above 65 years old fall at least once a year
Medical costs due to fall-related injuries are difficult to directly compare between countries,
and half of them experience multiple falls [28,29]. About 9–20% of the falls lead to serious
but in a U.S. report, USD 50 billion was the estimated cost in 2018 [33]. For sustainable
injuries (e.g., fractures), hospitalisation, visits to the emergency department and death
social security systems in our ageing society, reductions in fall-related injuries are thus
[30–32]. Medical costs due to fall-related injuries are difficult to directly compare between
urgently demanded because future forecasts predict further acceleration in ageing. In Japan
countries, but in a U.S. report, USD 50 billion was the estimated cost in 2018 [33]. For
in 2010, the total national revenue was reported to be USD 500 billion, when healthcare
costs alone (i.e., medical, nursing care etc.) in the same year exceeded USD 550 billion [2].
This serious financial deficit was compensated for by national bonds to double the budget,
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where COF indicates ‘slipperiness of the interface’ and Normal Force is the GRF component
perpendicular to the walking surface, therefore, the vertical GRF component in level
walking. As long as the maximum available friction is higher than the horizontal foot
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Originally, the most traditional concept for dynamic balance was viewed in the transverse plane (Figure 5) [55] with resultant anterior–posterior and medio–lateral components
together. However, MOS studies do not focus on actual (resultant) COM movement in the
transverse plane due to attempts to conduct sagittal and/or frontal plane analyses [56–60].
Viewing MOS in the sagittal or frontal plane, however, masks the actual COM movement
direction and has absolutely no advantages over a transverse plane analysis. Even when
there is sufficient anterior MOS, for example, balance can still be destabilised in the medio–
lateral directions and vice versa. MOS should thus be considered in the transverse plane
(Figure 5) and utilising the actual COM direction but not in the sagittal or frontal plane.
4.2. Available Response Time (ART)
In addition to the spatial definition of dynamic balance, available response time (ART)
is used to describe the temporal balance. The concept for computing the estimated time of
COM to cross the BOS boundary is simple.
ART =

(BOS − COM)
COMvel

Again, an important consideration is to identify the relevant BOS boundary and
balance loss directions [41,61].
5. Fall Prevention Strategies
Gait biomechanics attributes age-associated falls risks to changes in gait patterns,
most fundamentally recognised as a slower walking speed, a shorter step length, a larger
step width and prolonged double support time [38]. Ageing also negatively alters various
neuromotor systems, such as a slower reaction and the loss of fine-movement control [62,63],
all of which are combined together to increase the likelihood of falls. For older adults,
Yardley et al. [64] reported that fall prevention strategies should be easy to implement and
affordable, immediately affecting and supporting active walking; otherwise, they would
not be followed for a long time even if they were effective. This section introduces fall
prevention strategies that may cover all of these aspects: footwear, exercise and technologybased interventions.
5.1. Footwear Intervention
Footwear is an essential consideration for fall prevention, with various potential effects
on reducing the risk of tripping and slipping. In short, tripping prevention can focus on
increasing swing foot clearance (i.e., MFC) by modifying the footwear geometry, while
shoe-outsole modifications can provide sufficient friction to minimise slipping. Menant
and colleagues [65,66] investigated the effects of shoes on gait biomechanics and associated
falls risks. Their research outcomes were largely in agreement with previous reports about
‘safe footwear’.
A shoe insole is a direct interface for the foot and influences gait control mechanics.
Nagano and Begg [49] introduced ISEAL technology, which supports ankle dorsiflexion
and eversion, especially in the heel. As in Figure 6 (top left), the specific heel geometry
combined with texture installation succeeded in increasing MFC and guiding the foot’s
centre of pressure (COP) to stabilise balance [38]. Maki et al. [67] devised a shoe insole called
SoleSensor©, installing tubes peripherally to trigger cutaneous receptors when the foot
COP travels toward the BOS boundary and to promote afferent feedback for faster reaction
speed to avoid balance loss. Another type of shoe insole consideration is the incorporation
of additional cushioning effects to reduce plantar foot pressure. Custom moulding is also
common for shoe insoles, often utilising 3D foot scanning systems to maximise the contact
area between the foot and the shoe insole. Such foot-pressure-redistribution techniques may
not directly reduce falls risks but can protect the foot from deformity and pain, possibly
helping to sustain dynamic balance. The custom moulding of shoe insoles, however,
may not always solve foot problems but, rather, could exacerbate the condition. If a foot
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period
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is generally
not slip-resistant;
however,
TPR can be useful on an icy surface. On a dry surface, natural rubber is the optimal material,
but it is questionable whether we need to consider falls from slipping when the surface
is not slippery. Softer outsole materials generally provide higher COFs but can wear off
and lose their slip resistance quicker. Considering the lifespan of footwear, extremely soft
outsoles may not be cost-effective. Outsole treads can be another consideration, but further
research should be undertaken to effectively reduce the risk of slipping [70].
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Footwear intervention potentially has various advantages, but there are a few cautions
to consider because many types of commercially available footwear could possibly cause
adverse effects on foot health and safe walking. For example, shoe insoles with elevated
heels are commonly available on the market but can cause foot pressure to concentrate on
the metatarsal regions and could eventually deform the foot [38]. As with high heels, an
elevated heel is not optimal for everyday walking [65]. Second, asymmetrical footwear is
difficult to justify without appropriate fitting and expert advice. The fundamental concept
of footwear intervention should aim for a symmetrical gait style, but some prefabricated
commercial footwear products, including shoe insoles and shoe outsoles, have incorporated
asymmetrical features, which could potentially cause various lower-limb joint problems
with long-term use.
5.2. Exercise Intervention
Exercise intervention has been reported to be effective at enhancing seniors’ health
and at reducing falls risks [71]. It is, however, important to focus on motivational issues
that are related to individuals’ health statuses. Without sufficient physical, psychological
and social health, older adults are unlikely to engage in exercise continuously [72,73]. For
this reason, factors for encouraging voluntary participation must be considered, such as
ease of engagement, some sort of immediate effects and cost affordability [60].
Exercise prescription generally follows the same principle as that of the younger
populations. Muscle development is, for example, based on the ‘overload principle’ and
‘supercompensation’ [74]. Differences, however, exist in various physiological conditions
such as sarcopenia, bone density, maximal aerobic capacity and pathological conditions
(e.g., cardiovascular dysfunctions, hypertension, diabetes, etc.) [75,76]. It is essential
to account for age-associated health declines to prevent adverse results of exercise for
older adults.
As repeatedly emphasised, dorsiflexion is the key ankle motion that provides sufficient
swing foot clearance at MFC and prevents tripping [46]. In addition, dorsiflexion supports
‘defined’ heel contact at the beginning of a stance phase, which is effective at reducing foot
contact impact [77]. Tibialis anterior is the primary muscle activating ankle dorsiflexion,
and exercise intervention should, therefore, focus on dorsiflexor muscle groups. Figure 6
(right) introduces the use of an apparatus called ‘foot corrector’ that can effectively train
both the dorsiflexors and the plantarflexors.
Another important element of exercise intervention is so-called ‘core training’ to
stabilise bodily COM by toning the muscles around the pelvis–trunk region [78,79]. In
this concept, the strengthening of trunk stabilisers can help COM to be steadily positioned
within BOS.
5.3. Technology-Based Intervention
A number of technology-based interventions are available, but one promising method
is electrical stimulation, which can enhance the necessary muscles through improved
neuromotor control [80,81]. Electrical stimulation is commercially available as electrical
muscle stimulation (EMS) or transcutaneous electrical nervous stimulation (TENS). These
portable devices trigger motor neuron excitation and their associated muscle contractions
via electrical signals. Depending on the system, stimulation patterns, including intensity,
frequency and rhythm, can be controlled to provide the optimal effects [82]. There are many
advantages to electrical stimulation, including (i) cost-effectiveness, (ii) passive treatment
option—not requiring physical burdens and being suitable for frail populations, and (iii)
few known adverse side effects (e.g., excessive use not being recommended and allergic
reactions to electrodes’ gel in rare cases). There are unlimited potentials in this application,
and much is still to be uncovered, but a straightforward application is attachment to
the tibialis anterior (i.e., dorsiflexors), as in Figure 6 (bottom left). As explained above,
strengthening the dorsiflexors could increase the swing foot clearance and reduce the risk
of tripping [46].
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optimum footwear, adequate exercise and technology-based approaches. A biomechanical
understanding of falls among older adults can be applied to practical solutions to reduce
falls risks. While a biomechanical understanding of each element is important, it is first
necessary to picture the overall framework of gait analysis for fall prevention among
older adults.
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