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Abstract: Impaired walking increases injury risk during locomotion, including falls-related acute
injuries and overuse damage to lower limb joints. Gait impairments seriously restrict voluntary,
habitual engagement in injury prevention activities, such as recreational walking and exercise.
There is, therefore, an urgent need for technology-based interventions for gait disorders that are
cost effective, willingly taken-up, and provide immediate positive effects on walking. Gait control
using shoe-insoles has potential as an effective population-based intervention, and new sensor
technologies will enhance the effectiveness of these devices. Shoe-insole modifications include:
(i) ankle joint support for falls prevention; (ii) shock absorption by utilising lower-resilience materials
at the heel; (iii) improving reaction speed by stimulating cutaneous receptors; and (iv) preserving
dynamic balance via foot centre of pressure control. Using sensor technology, such as in-shoe pressure
measurement and motion capture systems, gait can be precisely monitored, allowing us to visualise
how shoe-insoles change walking patterns. In addition, in-shoe systems, such as pressure monitoring
and inertial sensors, can be incorporated into the insole to monitor gait in real-time. Inertial sensors
coupled with in-shoe foot pressure sensors and global positioning systems (GPS) could be used to
monitor spatiotemporal parameters in real-time. Real-time, online data management will enable
‘big-data’ applications to everyday gait control characteristics.
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1. Introduction

Walking is a fundamental locomotor task essential to healthy, active living, but it is accompanied
by injury risk, particularly among the senior population. Walking is a continuum of gait cycles
repeated thousands of times daily, and suboptimal features of the gait cycle can increase the probability
of injury. Older adults (particularly females), for example, are prone to falls-related acute injuries
due to gait impairments [1,2], and impaired foot pressure control during the loading response can
cause foot problems [3]. The knee joint can be also affected over time due to functionally undesirable
weight bearing, possibly resulting in osteoarthritis (OA) [4]. While walking is critically important
both from a functional perspective and to ensure adequate exercise, injury risks must be minimised
by optimising some essential biomechanical features of the gait pattern. Biomechanical interventions
for injury prevention should, however, fulfil certain practical requirements, including low cost, easy
engagement, immediate effects, and little physical effort; otherwise, interventions are unlikely to be
adopted voluntarily and maintained in the longer term [5]. Footwear interventions have the potential
to satisfy these requirements.

Typically, shoes are constructed with a number of components, all of which can influence gait
mechanics [6]. An elevated heel is a factor in lateral instability and may result in caution-related
adaptations reflected in spatio-temporal parameters [6]. Compared to standard soles, hard soles can
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more effectively provide tactile sensation for quicker reactions to maintain balance. Footwear-collars
improve balance due to increased tactile sensation around the ankle while reducing swing foot
clearance [6]. The outsole provides the interface with the walking surface and affects the frictional
demands of walking and associated risk of slipping [7]. In contrast, the insole has direct contact with
the sole of the foot and directly controls foot pressure and ankle joint motion that, in turn, influences
the individual’s gait pattern [8]. While some features of ‘safe shoes’ tend to be avoided, such as firm
shoe-lace fixation, particularly in individuals with impaired activities of daily living (ADL) [9], insole
interventions have the potential to be more readily accepted due to their practicality when applied to
various footwear types.

As summarised in Table 1, three main types of insole modification can be identified as having
the potential to support safer walking. Until recently, most high-grade insoles were produced using
custom-moulding, which was designed to accommodate the individual’s foot shape and influence foot
pressure distribution. While this approach has provided a springboard, sensor technologies are now
available that can provide a highly detailed biomechanical analysis of foot pressure and gait patterns to
considerably advance shoe-insole development. Such progress could revolutionise injury prevention.
For example, three-dimensional (3D) motion capture systems (e.g., Optotrack, Vicon, Optitrack) can
accurately model gait motions, which is useful for identifying suboptimal gait features. By utilising
this sensor technology, insole development can be undertaken to optimise gait control.

Foot pressure mapping, another very useful in-shoe sensor technology (e.g., F-scan, Pedar), is
often synchronised with 3D motion capture to reveal the foot’s pressure distribution and centre of
pressure (CoP) in real-time [10]. The advantages of insole sensor systems are portability and wireless
communication. Foot pressure measurement can not only be utilised in developing new insoles but
also has the potential to acquire and store data to record gait patterns. Body-mounted inertial sensors
are a related technology with similar potential to sample gait parameters in the natural environment.
The portability of sensor-based systems will be their essential advantage in future gait assessments
and will gradually overcome the limitations of laboratory-based 3D motion capture systems.

Table 1. Shoe-insole modification and biomechanical effects [11-18].

Modification Type Potential Biomechanical Effects

Shock absorption
Material Pressure distribution
Energy efficiency

Shock absorption
CoP
Geometry (ankle control) Balance
Energy efficiency
Pressure distribution

Reaction speed
Extra features (texture/heel cup etc.) CopP
Balance

CoP = centre of pressure.

In the current review, typical locomotor injuries are first explained and then insole developments
and their significance are thoroughly discussed. Finally, the concept of a wireless gait measurement
insole will be introduced and future directions in gait-related sensor technology outlined.

2. Biomechanics of Locomotive Injuries Based on Gait Analysis

In daily locomotion, both acute and overuse injuries should be considered. The primary cause of
acute injury during locomotion is falls, particularly in the older population [1]. In contrast, certain
types of ankle and knee pathology can be classified as overuse injuries due to the accumulation of
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negative gait features over time rather than a single traumatic event. This section introduces the
biomechanics of falls and lower limb injuries primarily at the ankle and knee joints.

2.1. Falls

Approximately 33% of senior adults fall annually and up to 20% of cases lead to serious
injuries [1,2,19]. Falls in this context can be defined as “an unintentional coming to the ground
or the lower level due to balance loss” [20]. Biomechanically, falls occur when balance is disturbed and
not able to be restored, with the consequence that the individual makes forceful contact with either the
walking surface or surrounding objects. This twofold process comprises, therefore, (1) an event that
disturbs balance and (2) failure in balance recovery.

Of the many balance-disturbing events, tripping has been identified as the leading cause of
falls, accounting for up to 53% of all falls [21]. Tripping is due to physical contact of the swing foot
with the walking surface or an object on it, which creates the momentum to significantly destabilise
balance. To prevent tripping, therefore, swing foot clearance should provide a sufficient vertical
margin, particularly at the mid-swing event—Minimum Foot Clearance (MFC)—illustrated in Figure 1.
At MFC, the vertical margin of the swing foot from the walking surface is low (i.e., 1-2 cm) while
moving at maximum speed and, as a consequence, causes high impact in the case of tripping [22].
Previous research by Moosabhoy and Gard suggests that, to prevent tripping, ankle dorsiflexion
should be the most effective lower limb joint control strategy, whereby one degree of ankle dorsiflexion
at MFC can be predicted to elevate the toe by .3 cm [23], a response that can significantly reduce the
probability of tripping [24].
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Figure 1. Minimum Foot Clearance (MFC).

Biomechanically, dynamic balance is defined by the relationship between body centre of mass
(CoM) and base of support (BoS) [25]. In gait analysis, sensors, such as infrared light-emitting
diodes (IREDs), light-emitting diodes (LEDs), and passive reflective markers, are usually attached to
anatomical landmarks to model the subject’s motion relative to a pre-registered laboratory coordinate
system (x, y, z). In static conditions, when the CoM is preserved within BoS, balance is considered
to be secure, whereas in dynamic conditions, including walking, extrapolated CoM (XCoM) is used
rather than CoM, as in the equation below [26].

CoM velocity

/ gravity
I

XCoM = CoM position +
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In the above equation, [ indicates the distance between the ankle and the end of inverted-
pendulum movement, CoM [27]. XCoM has been considered to more accurately represent the
positional threshold within BoS because CoM position by itself does not differentiate static CoM
from fast moving CoM. The distance between XCoM and either the lateral or anterior-posterior
boundary of the BoS, depending on CoM movement direction, is defined as the margin of stability
(MoS) (Figure 2). A greater MoS indicates that balance is secure while a negative (<0) MoS indicates
balance loss and that the body is falling. From an injury prevention perspective, the most important
feature of these relationships is that CoM motion is highly dependent on foot CoP control [28], which,
as described above, can be influenced by footwear manipulations.

Relevant Boundary

- D
i XCoM
P~ /

BoS

Figure 2. Description of balance in the transverse plane. MoS = margin of stability; BoS = base of
support; CoM = centre of mass; XCoM = extrapolated centre of pass; Relevant boundary depending on
the direction of CoM movement.

2.2. Foot-Related Conditions

Older adults’ footwear often has inappropriate features, perhaps due to prioritising comfort over
safety [9]. This is reflected in the tendency to avoid shoes with fixation or heel counter, and sandals
are commonly worn (22%) when they experience falls [9]. Improper footwear structures that cause
undesirable foot pressure distribution and ineffective impact distribution can lead to chronic pain over
time, which discourages active walking [29]. Footwear, including the insole, should be designed to
promote walking mechanics that do not impose excessive stress on the foot and lower limb joints [3].
Foot problems often arise from inadequate weight bearing, which is reflected in undesirable ankle
motion and foot pressure distribution [30,31]. Pressure distribution is the important element of gait
control in preventing conditions, such as ulcer development, around the plantar areas, particularly
among the diabetic population [32]. Fifteen million people in the U.S. have diabetes and 15-20% of
those experience hospitalisation [3]. Another consequence of inadequate foot pressure distribution is
Hallux valgus, which is especially common among high-heel wearers [14,33]. Hallux deformities are
one of the major causes of foot pain [3]. Control of foot pressure is reflected in CoP movement, which is
not only responsible for foot disorders but also controls dynamic balance. Inversion ankle sprain,
for example, is a common acute injury caused by excessively lateral CoP [34], while Hallux valgus
is a result of overpronation during mid to late stance [35]. As reported in previous studies [13,17]
and as shown in Table 1, insole modifications can alter CoP control and foot pressure distribution,
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possibly reducing the incidence of debilitating foot conditions caused by inadequate CoP and foot
pressure control.

Foot segment orientation is controlled by ankle motion, including dorsiflexion/plantarflexion and
eversion/inversion. Pronation is the combination of dorsiflexion and eversion while inversion and
plantarflexion form supination [36]. For adequate loading, the foot should be pronated in the early
stance phase to absorb impact while quickly accommodating the walking surface environment [36,37].
Foot contact sometimes occurs with a supinated ankle but immediately starts to pronate, the essential
countermovement to maximise the range of pronation, with accompanying tibial internal rotation [36,38].
Towards toe-off via foot-flat, the foot supinates, controlled first by eccentric work until foot-flat followed
by the concentric work of supinators approaching toe-off [36,39]. This series of functional ankle
motions most efficiently oscillates foot contact impact through the stance phase and into forward
progression. These ankle motions are responsible for efficient weight transfer but also affect CoP
movement, which can be measured using either force plates or in-shoe foot pressure monitoring systems.

Ankle kinematics can be monitored using 3D motion capture systems. For modelling the foot,
a typical marker setup includes the toe (the distal and superior surface of the foot), second metatarsal
head, fifth metatarsal head, lateral and medial malleolus, and heel. To visualise ankle motion, the tibia
should also be modelled by incorporating lateral and medial epicondyles in addition to the lateral and
medial malleolus at the ankle (Figure 3).

P
Moment arm g

Knee adduction
moment
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e
-

Figure 3. Illustration of marker setup for gait analysis; knee adduction moment due to shank
external rotation.

2.3. Knee Osteoarthritis

Knee osteoarthritis (OA) is a painful condition that discourages people from walking and
increases the risk of falling [39]. OA is frequently associated with pain caused by micro-fractures
due to bone-to-bone collision with reduced articular cartilage. Knee adduction moment is the kinetic
marker most reliably related to the progression of OA, especially at the medial compartment [40,41].
A comprehensive review suggested that approximately 10-15% of the senior population show clinical
evidence of OA [42], but it is possible that gait modification interventions using insoles slow the
progression of OA if knee adduction moment can be reduced [43].

There are two peaks in knee adduction moment during a gait cycle. The first peak is associated
with OA and timing approximates the first Ground Reaction Force (GRF) peak and maximum
knee flexion [44]. Reducing knee adduction moment is, therefore, the challenge in OA prevention.
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Biomechanically, this can be achieved by (1) reducing GRF and (2) creating a shorter moment arm by
reducing external shank rotation in the frontal plane after foot contact [45,46]. Shock absorption at
the heel could reduce peak GRF, while tibial realignment in early stance is associated with reduced
moment arm and knee adduction moment. Biomechanical gait data obtained using a combination of
3D motion capture systems and force plates (i.e., kinematic and kinetic analysis) can compute knee
joint kinetics via an analysis technique known as inverse dynamics. As introduced later, a lateral
wedge insole may be able to control CoP and realign the tibia to reduce knee adduction moment.

In summary, safe walking is essential to maintaining mobility without injury and, as shown in
Table 1, shoe insoles can control gait functions to optimise walking mechanics [8,47]. In the current
review, the primary focus is insole modifications to improve gait function.

3. Shoe Insole Technology for Gait Control and Injury Prevention

Shoe-insoles provide the interface between the foot and the footwear. Potential modifications
include (1) modifying insole geometry (i.e., changing ankle angle) [18]; (2) increasing contact area
(i.e., custom-moulding) [11]; (3) adjusting resilience (i.e., lower for shock absorption and greater for
reusing mechanical energy) [12]; (4) treating insole surface (e.g., texture installation) [48]; (5) providing
assistive support (e.g., heel counter) [49]; and (6) incorporating portable sensor systems, such as
pressure sensors or inertial sensors [50]. Fundamental functions relating to reducing the above injury
risks are as follows.

3.1. Shock Absorption

Impact energy at heel contact can be dissipated to minimise soft tissue damage, and softer
materials are likely to reduce shock more effectively [51]. Ethylene vinyl acetate (EVA) foam is one of the
more common shoe-insole materials, is usually used with a density range between 300 and 400 m /s>,
and is ideal for semi-customised shoe-insole moulding in commercial production [52]. The choice of
insole material characteristics, such as density, can be used to control elasticity and resilience.

Technology for shock absorption at the heel has been marketed commercially using materials
such as gels. One biomechanical explanation for the effectiveness of shock absorption products
is that they prolong the time from initial foot-ground contact until complete compression of the
footwear. Although GRF and foot pressure distribution can be modified by construction materials [53],
some studies have reported that shock absorbers may not reduce injury risks [54]. In addition to
shock absorbing materials, insole structure and hardness of the mid-sole are important for reducing
load [51,55].

Shock absorption utilising either a material’s elastic properties or a spring mechanism may be
effective in storing mechanical energy at impact and then recovering the energy later in the stance
phase toward toe-off as demonstrated by Zhang et al. using spring-loaded Axillary clutches [56].
Energy recovery can therefore engender more efficient walking by minimising the energy required at
push-off. As detailed further in the following Section 3.2. Ankle, foot-ground impact can be viewed as
an unexploited source of external energy because in human walking only 60-70% of impact energy
can be oscillated through the loading response while the remainder is lost as vibration, sound, or
heat [57,58].

3.2. Ankle

Ankle motions responsible for shock absorption during early loading are a combination of
dorsiflexion and eversion (i.e., pronation) [36,59-61]. Flat-foot contact is not considered desirable
for shock absorption because the interval from initial foot contact to foot flat determines impact
distribution over time due to the eccentric work of dorsiflexors [37,38,61]. Ageing appears to be
a factor in reduced dorsiflexion at foot contact [62].

A pronated ankle during early loading rotates the shank internally and triggers knee flexion [63-65],
but both these kinematic adaptations have the potential to reduce knee adduction moment [51].
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An over-pronation problem arises following mid-stance when the ankle should begin to supinate [36].
Given the anatomical constraints on foot kinematics during the stance phase, during early-loading foot
orientation for shock absorption is important and after mid-loading over-pronation should be avoided.
Stored mechanical energy should be transferred throughout the loading response from the
pronated ankle up to supinated orientation at mid-stance towards toe-off [36]. Quantification of
mechanical energy transfer is possible by calculating the recovery rate (see below), the percentage of
mechanical energy transferred to oscillate the loading response from heel contact to toe-off [64—66].

Recovery Rate (%) = 100 x [AKE + APE — A(KE + PE)]/ (AKE + APE)

where AKE = increase in kinetic energy; APE = increase in potential energy; A(KE + PE) = increase in
the sum of kinetic energy and potential energy, all measured in the double support phase of the gait
cycle based on CoM kinematics.

Step-to-step CoM transition during double support requires mechanical energy to produce GRF to
continue walking [67]. More efficient loading is possible by utilising the impact at heel contact to initiate
toe-off without dispersing the mechanical energy transferred to other lower limb joints (i.e., the knee).
A higher recovery rate is, therefore, considered advantageous in reducing the heel contact forces
transferred to other lower limb joints. For efficient loading, insole geometry can be re-designed to
support pronation of the subtalar joint at heel contact while ensuring no disturbance to later ankle
supination [36,59-61,68]. In the presence of foot deformity or other pathological conditions, however,
careful consideration is required prior to any insole modification. For example, a custom-moulding
insole modification may be necessary for seriously deformed feet, such as deformation due to
neuropathy in diabetic patients [69]. Levinger et al. [45,46] suggested that a lateral wedge insole may be
effective in reducing knee adduction moment by supporting pronation during early stance. They have,
however, also stated that a lateral wedge insole may not be suitable for an already pronated foot.

3.3. Foot Pressure Control

The most common method for foot pressure distribution by shoe-insoles is to increase the contact
area between the foot and the insole surface [70]. This can be achieved by custom-moulding the shoe
insole to accommodate differences in foot shape [11]. Semi-customisation is also possible using an
insole surface material that gradually adapts to the foot’s shape. Foot CoP trajectory in a normal gait
starts at the heel and ends at the toe, with a lateral curvature [71]. This lateral excursion seems to be
a reflection of ankle supination during mid-stance.

As indicated above, balance control is determined by the relationship between CoM and BoS.
A specially designed insole can control the CoP which changes CoM motion and it is particularly
important to regulate excessive lateral CoP excursion to stabilise sideways balance [59]. A potential
solution is an insole incorporating enhanced texture to consistently guide the optimal CoP path
(Figure 4).

Figure 4. Example of texture installation to guide the CoP (WO2016015091A1—Injury Reduction Insole).
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If the CoP is variable over multiple gait cycles, associated CoM motions could also become variable
and dynamic balance control could become unstable. Ensuring adequate cutaneous stimulation to
assist the optimal CoP path is, therefore, a possible approach to improving balance. As described
below, texture installation may also assist balance control by improving the reaction speed to
balance perturbations.

3.4. Reaction Speed

Stimulation of cutaneous receptors increases afferent feedback and may, therefore, decrease
reaction time. Ideally, the CoP should travel through (i.e., stimulate) high sensitivity cutaneous
receptors without excessive pressure [72] and if balance is lost, recovery can be faster. Stimulation of the
plantar surface is possible either by incorporating enhanced texture or using vibration devices [15,73].
The findings from these previous studies of this manipulation, however, leave some doubt as to how
effectively such augmented stimulation can enhance afferent feedback and proprioception [15,73,74].

Priplata et al. [15] tested the effect of vibrating insoles on balance control and found that older
adults had improved dynamic balance due to plantar stimulation, but the study methodology
was questioned by Lafond et al. [74]. One of their primary concerns was the methods employed
for estimating balance, which is a more general problem arising from the lack of standardised
biomechanical analysis methods to evaluate footwear effects on gait and balance. Similarly,
some studies have reported enhanced proprioceptive reaction effects of textured insoles [73,75,76],
while others have not [77], and these discrepancies may, again, have been due to methodology but
also to the fact that the textured or vibration insoles tested were not the same [78]. If cutaneous
receptors are stimulated more systematically rather than stimulated by randomly installing textures
over the entire insole surface, gait and balance could be controlled more effectively [78]. A further
methodological limitation of previous insole research has been sample size; however, an ongoing study
by Hatton et al. [79] with a large sample is expected to reveal the effects of texture stimulation on gait
patterns with greater confidence.

There are a few reports of texture installation that is not applied over the entire surface.
For example, SoleSensor is a commercially available shoe-insole that takes advantage of tactile
stimulation to enhance reaction speed [16] using only a narrow tube peripheral to the insole surface.
When foot pressure shifts peripherally and balance is disturbed, stimulation is provided by the tube
that increases reaction speed. Similarly, Ritchile et al. applied textures only to the medial portion of
the insole and reported that it supported functionally important mid-foot supination [68]. Due to
the variety of texture installations with respect to area, size, shape, and hardness, further research is
necessary to confirm the most effective stimulation properties. Research evidence suggests, however,
that stimulation of cutaneous receptors has considerable promise for enhancing gait and balance [78].

3.5. Lateral Wedge Insole

The lateral wedge insole is designed to stabilize the ankle in a more everted position, helping to
more internally align the tibia [46]. This adaptation reduces the tibial moment arm from the GRF vector
and consequently decreases knee adduction moment [40,41]. For the Varus deformity, an everted ankle
reduces knee adduction moment, softening the compression of the medial knee structure between the
femur and tibia. The degrees of eversion support are usually between 5° and 15° [80].

Despite these biomechanical theories, the lateral wedge insole effects on knee OA are controversial.
Weinhandl et al. [41], for example, reported no apparent effects in a young group who wore a lateral
wedge insole for one week. As with the stimulation insoles, the conflicting results may be attributable to
differences between the lateral wedge insoles in each study. Paradoxically, if the optimum structure can
be identified, lateral wedges appear to have potential as a knee OA treatment [81]. Sawada et al. [82]
reported that an individual’s foot alignment also determines the effectiveness of a lateral wedge insole
in reducing peak knee adduction moment. Walking speed was also suggested to affect experimental
results in terms of knee adduction moment, but this hypothesis has been rejected by one study [83].
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An additional modification that may enhance the lateral wedge insole is arch-support [84]. Based on
data from 90 participants [81], soft, rather than hard, lateral wedge insoles have also been found to be
more effective.

An additional advantage of lateral wedge insoles is CoP control [45], although this feature has not
been examined thoroughly in previous reports. As discussed, CoP excursion through the stance phase
demonstrates a characteristic lateral curvature. This response is functional in leading the pronated
ankle into a supinated position to efficiently oscillate mechanical energy from heel contact to toe-off.
This deviation may, however, be associated with lateral balance disturbance and ankle inversion
sprain [85]. Thus, eversion support has potential for injury prevention by regulating excessive lateral
CoP excursion. Careful consideration is required when incorporating this feature into shoe-insoles to
correct excessive Valgus knee so as not to disturb functional supination.

4. Concerns for Custom-Moulding

In populations with significant foot deformities, it may be difficult to wear conventional shoes
and customised insoles may be required. Custom-made insoles can accommodate individual-specific
foot shapes and maximise the contact area between the foot and insole [11,30]. This promotes foot
pressure distribution, and for those with significantly deformed feet, customisation appears to be
essential [86,87].

Caution is, however, required for custom-moulding for two reasons. First, every part of the foot
does not contribute equally to weight bearing; for example, the mid-foot has been reported to have
little responsibility [14]. It is, therefore, possible that some parts of the foot may be more vulnerable
to foot pressure than others. The second caution is that customisation could reflect and accentuate
negative foot control. If a misaligned foot is scanned and moulded without correction, progression of
the deformity may advance due to inadequate foot posture and additional foot problems may arise as
a consequence [29]. Lateral CoP excursion is associated with the risk of inversion sprain [34]. If a foot is
susceptible to inversion sprain, for example, custom-moulding without CoP modification may not help
or could even further increase the risk of injury. A lateral wedge assists foot pronation and reduces
knee adduction moment, but the lateral wedge may not adequately assist the foot with excessive
Valgus [45]. It can, therefore, be implied that a foot with excessive Valgus may benefit from a medial
wedge rather than a lateral wedge. Furthermore, custom-moulding was found not to treat Hallux
valgus by regulating hyperpronation of the subtalar joint during the later stance phase when weight is
concentrated on the metatarsal area [35]. The results suggest, therefore, that custom-moulding alone
may not correct inadequate ankle joint kinematics.

Although custom-moulding is important, the insole’s fundamental geometry should support
optimum foot pressure control and energy efficient loading by providing adequate pronation-supination
coupling. Ideally, the thin insole surface layer should be individual-specific, while the layers below
can be rigidly constructed to assist optimum foot control. Telfer et al. [31] described the potential
of 3D foot scanning and 3D printing for custom-moulding. This is a more finely-tuned approach to
insole design, and future customisation of insoles and footwear is likely to take advantage of this
technology. Other recent studies have also reported that 3D foot scanning could be an effective method
for custom-made footwear despite further research being required to more comprehensively test the
precision of this technique, including an increased number of tested subjects and wider measurement
parameters to define the foot segment [88,89].

5. Gait Analysis for Insole Development

While shoe-insoles assist walking, detailed gait analysis has not been widely utilized to test their
effects on gait patterns. While pressure data are instructive, as mentioned above, gait analysis can
record human walking precisely to identify various problems, including the risk of falling and balance
control and lower limb joint (ankle and knee) biomechanics problems. The utility of 3D gait analysis in
identifying the causes of foot and knee pain has been discussed by Rao et al. [29], and Menant et al. [6]
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used these techniques to determine how footwear features influenced gait biomechanics. Heel collars,
for example, also improve balance by providing increased tactile sensation around the ankle via
the extended contact area provided by the collar, while a high collar was found to increase the
risk of tripping by reducing swing foot height at MFC. In addition to identifying condition-specific
biomechanical parameters, such as those associated with knee pain described above, spatio-temporal
gait parameters also reflect walking fundamentals (Figure 5). For example, gait impairments due to
injury, ageing, psychological conditions, or medications show similar gait patterns, including slower
gait velocity (due to shorter step length), increased step width, and prolonged double support time [90].
Utilising 3D motion capture systems, the fundamental spatio-temporal gait parameters can be easily
measured by markers attached only to the heel and toe. Alternatively, other gait assessment tools,
such as the GaitRite mat, can also record stride cycle parameters. Motion capture systems have also
been used for testing commercial products, such as footwear and anti-slip strips [91,92]. Commercially
available 3D motion capture systems are now relatively affordable (e.g., Optitrack, NaturalPoint),
and the complex programming for 3D gait analysis can be overcome using low-cost commercial
software that automatically extracts a range of gait parameters given a pre-specified standardized
marker setup at data collection.

step width

step length

Figure 5. Spatio-temporal gait parameters, step length, and step width.

6. Potential of a Wearable, Sensor-Integrated Insole for Real-Time Gait Monitoring

Digital gait analysis began using multiple standard video cameras to monitor human movement
from various angles to estimate 3D motion. Later, 3D motion capture systems utilising either infrared
light emitting diodes (active systems) or reflective markers (passive systems) provided highly accurate
position-time data and are now widely used in experimental gait research. While these systems are used
as the gold standard for gait assessment, limitations in this technology include a complicated setup,
high time demands, a lack of portability, and a requirement for specialized skills for system operation
and data analysis. In Section 5, potential directions to overcome these problems have been proposed,
and one approach is wearable sensor technology, which, despite its limitations, receives considerable
ongoing research attention due to its immensely practical application in gait measurement.

Small, inexpensive body-mounted inertial measurement units (IMU) can measure angular velocity
and linear acceleration [93]. IMU data can also be transmitted to Android devices using Bluetooth [94].
These innovations create the potential for online management, such as mass data storage and automatic
recording of personal gait data. Difficulties in utilising IMUs for gait monitoring remain in deriving
position-time data due to complex noise filtering [93]. To date, a number of techniques have been
proposed to obtain greater accuracy in estimating positional data but further efforts may be required
until sufficiently reliable kinematic data estimation is achieved.

Incorporation of IMUs into an insole is a promising approach to gait management because IMU
attachment to the foot has the advantage of concurrently recognising gait cycle events and, using
them, estimating walking speed [95]. It is, however, still difficult to precisely estimate walking speed
and other associated parameters, such as stride length, using IMUs alone. It is, accordingly, fruitful
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to consider adding other technology, such as foot pressure sensors (Figure 6) and global positioning
systems (GPS) within the insole. In-shoe foot pressure sensors can more precisely detect foot contact
than IMU data, while the GPS can track the walking path and, therefore, total distance travelled.
In-shoe pressure monitoring insoles are available [10,96], and real-time monitoring can alert the user to
inadequate pressure distribution, such as excessive plantar pressure, to prevent foot ulcers or identify
a lateral CoP excursion warning of potential balance loss.

|

Figure 6. Foot-pressure monitoring system, Pedar (Novel, Munich, Germany, www.novel.de).

The VitaliSHOE project utilises wearable IMUs and pressure sensors integrated into the
shoe-insole to detect the risk of falling in the senior population [97]. In an early paper, they showed the
successful detection of transition between stance and swing based on both IMU and insole pressure
data [97]. They identified, however, limitations due to gait measurement at a high walking speed and
fragility of the IMU associated with mechanical stress [97]. In a later project [98], temporal variables
were measured with high reliability but they also acknowledged the difficulties in acquiring reliable
spatial data (e.g., step length) from IMUs [98]. It could also be interesting to utilise GPS technology to
obtain spatial data in studies conducted in real-world settings, and smart shoes incorporating a mobile
GPS have already been piloted as a fruitful direction for gait analysis in everyday settings [99].

7. Long-Term Effects

When developing shoe-insoles, the long-term effects of wearing them should be carefully
evaluated to prevent overuse injuries, restriction of natural lower limb motion, and potential
anatomical deformity [100]. Long-term use of a lateral wedge insole was found to reduce adductor
moment semi-permanently, a positive adaptation; but if structured inadequately, adverse effects are
possible [101]. As discussed earlier, foot control modifications can cause biomechanical changes
to potentially all lower limb joint actions. Even very small negative features of the gait cycle
can be accumulated by the thousands of steps taken every day and can eventually cause injury.
Laboratory-based gait testing is useful in inspecting whether there are hazards in gait control. If gait
kinematics and kinetics are maintained, it can be speculated that no negative long-term effects may
arise. It is, however, still important to conduct human trials for a prolonged period to ensure that
insoles are unlikely to cause orthopaedic problems.

8. Conclusions

Shoe-insoles have potential as an effective intervention to encourage safe walking. Biomechanical
gait analysis is available for monitoring insole effects on walking performance. Insole modifications
could support more adaptive ankle angles, improve foot pressure distribution, absorb shock, and
reduce proprioceptive reaction time. Long-term effects of shoe-insoles should be tested to support
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and confirm experimental biomechanical evidence for their safety and effectiveness. Integration
of wearable sensors into shoe-insoles will be a very important future direction for real-time gait
measurement. Taking advantage of online data management, it will be possible to achieve the goal of
detailed gait analysis available to everyone in performing the gait activities of everyday life.

Author Contributions: Conceptualization, H.N. and R.B.; Investigation, H.N.; Writing-Original Draft Preparation,
H.N.; Writing-Review & Editing, R.B.; Supervision, R.B.

Acknowledgments: The authors thank W.A. Sparrow for proof-reading the manuscript, Caitac for providing the
insole image and Shinichi Tajima for illustrations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hill, K.; Schwarz, J.; Flicker, L.; Carroll, S. Falls among healthy, community-dwelling, older women:
A prospective study of frequency, circumstances, consequences and prediction accuracy. Aust. N. Z. ].
Public Health 1999, 23, 41-48. [CrossRef] [PubMed]

2. Keskin, D.; Borman, P; Ers6z, M.; Kurtaran, A.; Bodur, H.; Akytiz, M. The risk factors related to falling in
elderly females. Geriatr. Nurs. 2008, 29, 58-63. [CrossRef] [PubMed]

3.  Balint, G.P; Korda, J.; Hangody, L.; Balint, P.V. Foot and ankle disorders. Best Pract. Res. Clin. Rheumatol.
2003, 27, 87-111. [CrossRef]

4. Favre,].; Jolles, B.M. Gait analysis of patients with knee osteoarthritis highlights a pathological mechanical
pathway and provides a basis for therapeutic interventions. EFFORT Open Rev. 2017, 1, 368-374. [CrossRef]
[PubMed]

5. Yardley, L.; Kirby, S.; Ben-Shlomo, Y.; Gilbert, R.; Whitehead, S.; Todd, C. How likely are older people to take
up different falls prevention activities? Prev. Med. 2008, 47, 554-558. [CrossRef] [PubMed]

6. Menant, J.C.; Steele, ].R.; Menz, H.B.; Munro, B.J.; Lord, S.R. Effects of footwear features on balance and
stepping in older people. Gerontology 2008, 54, 18-23. [CrossRef] [PubMed]

7. Yamaguchi, T.; Hokkirigawa, K. Development of a high slip-resistant footwear outsole using a hybrid rubber
surface pattern. Ind. Health 2014, 52, 414-423. [CrossRef] [PubMed]

8.  Kim, S.H.; Ahn, S H,; Jung, G.S.; Kim, ].H.; Cho, Y.W. The effects of biomechanical foot orthoses on the gait
patterns of patients with malaignment syndrome as determined by three dimensional gait analysis. J. Phys.
Ther. Sci. 2016, 28, 1188-1193. [CrossRef] [PubMed]

9.  Sherrington, C.; Menz, H.B. An evaluation of footwear worn at the time of fall-related hip fracture. Age Ageing
2003, 32, 310-314. [CrossRef] [PubMed]

10. Razak, A.H.A.; Zayegh, A.; Begg, R.K.; Wahab, Y. Foot plantar pressure measurement system: A review.
Sensors 2012, 12, 9884-9912. [CrossRef] [PubMed]

11. Hellstrand Tang, U.; Ziigner, R.; Lisovskaja, V.; Karlsson, J.; Hagberg, K.; Tranberg, R. Comparison of plantar
pressure in three types of insole given to patients with diabetes at risk of developing foot ulcers a two-year,
randomized trial. . Clin. Transl. Endocrinol. 2014, 1, 121-132. [CrossRef] [PubMed]

12. Pratt, D.J.; Rees, PH.; Rodgers, C. Assessment of some shock absorbing insoles: Technical note.
Prosthet. Orthot. Int. 1986, 10, 43—45. [PubMed ]

13. Jamshidi, N.; Rostami, M.; Najarian, S.; Menhaj, M.B.; Saadatnia, M.; Salami, F. Differences in centre of
pressure trajectory between normal and steppage gait. J. Res. Med. Sci. 2010, 15, 33—40. [PubMed]

14. Donatelli, R. Normal biomechanics of the foot and ankle. J. Orthop. Sports Phys. Ther. 1985, 7, 91-95.
[CrossRef] [PubMed]

15. Priplata, A.A.; Niemi, ].B.; Harry, ].D.; Lipsitz, L.A.; Collins, J.J. Vibrating insoles and balance control in
elderly people. Lancet 2003, 362, 1123-1124. [CrossRef]

16. Maki, B.E,; Perry, S.D.; Scovil, C.Y.; Peters, A.L.; McKay, S.M.; Lee, T.A.; Corbeil, P.; Fernie, G.R.; Mcilroy, W.E.
Interventions to promote more effective balance-recovery reaction in industrial settings: New perspectives
on footwear and handrails. Ind. Health 2008, 46, 40-50. [CrossRef] [PubMed]

17.  Aboutorabi, A.; Saeedi, H.; Kamali, M.; Farahmand, B.; Eshraghi, A.; Dolagh, R.S. Immediate effect of
orthopedic shoe and functional foot orthosis on centre of pressure displacement and gait parameters in
juvenile flexible flat foot. Prosthet. Orthot. Int. 2014, 38, 218-223. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1467-842X.1999.tb01203.x
http://www.ncbi.nlm.nih.gov/pubmed/10083688
http://dx.doi.org/10.1016/j.gerinurse.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18267178
http://dx.doi.org/10.1016/S1521-6942(02)00103-1
http://dx.doi.org/10.1302/2058-5241.1.000051
http://www.ncbi.nlm.nih.gov/pubmed/28461915
http://dx.doi.org/10.1016/j.ypmed.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18817810
http://dx.doi.org/10.1159/000115850
http://www.ncbi.nlm.nih.gov/pubmed/18253023
http://dx.doi.org/10.2486/indhealth.2014-0105
http://www.ncbi.nlm.nih.gov/pubmed/25055846
http://dx.doi.org/10.1589/jpts.28.1188
http://www.ncbi.nlm.nih.gov/pubmed/27190451
http://dx.doi.org/10.1093/ageing/32.3.310
http://www.ncbi.nlm.nih.gov/pubmed/12720618
http://dx.doi.org/10.3390/s120709884
http://www.ncbi.nlm.nih.gov/pubmed/23012576
http://dx.doi.org/10.1016/j.jcte.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29159093
http://www.ncbi.nlm.nih.gov/pubmed/3725565
http://www.ncbi.nlm.nih.gov/pubmed/21526056
http://dx.doi.org/10.2519/jospt.1985.7.3.91
http://www.ncbi.nlm.nih.gov/pubmed/18802279
http://dx.doi.org/10.1016/S0140-6736(03)14470-4
http://dx.doi.org/10.2486/indhealth.46.40
http://www.ncbi.nlm.nih.gov/pubmed/18270449
http://dx.doi.org/10.1177/0309364613496111
http://www.ncbi.nlm.nih.gov/pubmed/23986466

Sensors 2018, 18, 1468 13 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Seo, K,; Park, S.; Park, K. Impact of wearing a functional foot orthotic on the ankle joint angle of frontal
surface of young adults with flatfoot. J. Phys. Ther. Sci. 2017, 29, 819-821. [CrossRef] [PubMed]

Stevens, J.A.; Corso, P.S.; Finkelstein, E.A.; Miller, T.R. The costs of fatal and nonfatal falls among older
adults. Inj. Prev. 2006, 12, 290-295. [CrossRef] [PubMed]

Zecevic, A.A.; Salmoni, A.W.; Speechley, M.; Vandervoort, A.A. Defining a fall and reasons for falling:
Comparisons among the views of seniors, health care providers, and the research literature. Gerontologist
2006, 46, 367-376. [CrossRef] [PubMed]

Blake, A.J.; Morgan, K.; Bendall, M.].; Dallosso, H.; Ebrahim, S.B.]J.; Arie, TH.D.; Fentem, P.H.; Bassey, E.J.
Falls by elderly people at home prevalence and associated factors. Age Ageing 1988, 17, 365-372. [CrossRef]
[PubMed]

Begg, R.; Best, R.; Dell’Oro, L.; Taylor, S. Minimum foot clearance during walking: Strategies for the
minimisation of tri-related falls. Gait Posture 2007, 25, 191-198. [CrossRef] [PubMed]

Moosabhoy, M.A; Gard, S.A. Methodology for determining the sensitivity of swing leg toe clearance and leg
length to swing leg joint angles during gait. Gait Posture 2006, 24, 493-501. [CrossRef] [PubMed]

Best, R.; Begg, R. A method for calculating the probability of tripping while walking. J. Biomech. 2008, 41,
1147-1151. [CrossRef] [PubMed]

Lugade, V; Lin, V,; Chou, L.S. Centre of mass and base of support interaction during gait. Gait Posture 2011,
33,406-411. [CrossRef] [PubMed]

Hof, A.L.; Gazendam, M.G.J.; Sinke, W.E. The condition for dynamic stability. J. Biomech. 2005, 38, 1-8.
[CrossRef] [PubMed]

Lafond, D.; Duarte, M.; Prince, F. Comparison of three methods to estimate the centre of mass during balance
assessment. J. Biomech. 2004, 37, 1421-1426. [CrossRef]

Kao, P; Ferris, D.P. Motor adaptation during dorsiflexion-assisted walking with a powered orthosis.
Gait Posture 2009, 29, 230-236. [CrossRef] [PubMed]

Rao, S.; Riskowski, J.; Hannan, M.T. Musculoskeletal Conditions of the Foot and Ankle: Assessments and
Treatment Options. Best Pract. Res. Clin. Rheumatol. 2012, 26, 345-368. [CrossRef] [PubMed]

Bus, S.A.; van Deursen, RW.M.; Kanade, R.V.; Wissink, M.; Manning, E.A.; van Baal, ].G.; Harding, K.G.
Plantar pressure relief in the diabetic foot using forefoot offloading shoes. Gait Posture 2009, 4, 618-622.
[CrossRef] [PubMed]

Telfer, S.; Woodburn, J.; Collier, A.; Cavanagh, P.R. Virtually optimised insoles for offloading the diabetic
foot: A randomised crossover study. J. Biomech. 2017, 60, 157-161. [CrossRef] [PubMed]

Nyska, M.; Liberson, A.; McCabe, C.; Linge, K.; Klenrman, L. Plantar foot pressure distribution in patients
with Hallux valgus treated by distal soft tissue procedure and proximal metatarsal osteotomy. Foot Ankle Surg.
1998, 4, 35-41. [CrossRef]

Koller, U.; Willegger, M.; Windhager, R;; Wanivenhaus, A.; Tmka, H.; Schuh, R. Plantar pressure
characteristics in Hallux valgus feet. J. Orthop. Res. 2014, 32, 1688-1693. [CrossRef] [PubMed]

Morrison, K.E.; Kaminski, T.W. Foot characteristics in association with inversion ankle injury. J. Athlet. Train.
2007, 42, 135-142.

Reina, M.; Lafuente, G.; Munuera, P.V. Effect of custom-made foot orthoses in female hallux valgus after
one-year follow up. Prosthet. Orthot. Int. 2013, 37, 113-119. [CrossRef] [PubMed]

De la Cruz, B.; Garcia, C.; Sanchez, M.D.; Albornoz, M.; Espejo, L.; Dominguez-Maldonado, G. Therapeutic
physical exercise for lower limb overpronation in young athletes. Eur. . Integr. Med. 2014, 7, 211-217.
[CrossRef]

Stergiou, N.; Bates, B.T. The relationship between subtalar and knee joint function as a possible mechanism
for running injuries. Gait Posture 1997, 6, 177-185. [CrossRef]

Usherwood, J.R.; Channon, A.J.; Myatt, J.P.; Rankin, ].W.; Hubel, T.Y. The human foot and heel-sole-toe
walking strategy: A mechanism enabling an inverted pendular gait with low isometric muscle force? J. R. Soc.
2012, 9, 2396-2402. [CrossRef] [PubMed]

Tasci, B.G.; Sendur, O.F,; Aydemir, A.H. Primary knee osteoarthritis increases the risk of falling. J. Back
Musculoskelet. Rehabil. 2017, 30, 785-789. [CrossRef] [PubMed]

Jones, R K.; Nester, C.J.; Richards, ].D.; Kim, W.Y.; Johnson, D.S; Jari, S.; Laxton, P.; Tyson, S.F. A comparison
of the biomechanical effects of valgus knee braces and lateral wedged insoles in patients with knee
osteoarthritis. Gait Posture 2013, 37, 368-372. [CrossRef] [PubMed]


http://dx.doi.org/10.1589/jpts.29.819
http://www.ncbi.nlm.nih.gov/pubmed/28603352
http://dx.doi.org/10.1136/ip.2005.011015
http://www.ncbi.nlm.nih.gov/pubmed/17018668
http://dx.doi.org/10.1093/geront/46.3.367
http://www.ncbi.nlm.nih.gov/pubmed/16731875
http://dx.doi.org/10.1093/ageing/17.6.365
http://www.ncbi.nlm.nih.gov/pubmed/3266440
http://dx.doi.org/10.1016/j.gaitpost.2006.03.008
http://www.ncbi.nlm.nih.gov/pubmed/16678418
http://dx.doi.org/10.1016/j.gaitpost.2005.12.004
http://www.ncbi.nlm.nih.gov/pubmed/16439130
http://dx.doi.org/10.1016/j.jbiomech.2007.11.023
http://www.ncbi.nlm.nih.gov/pubmed/18255076
http://dx.doi.org/10.1016/j.gaitpost.2010.12.013
http://www.ncbi.nlm.nih.gov/pubmed/21211977
http://dx.doi.org/10.1016/j.jbiomech.2004.03.025
http://www.ncbi.nlm.nih.gov/pubmed/15519333
http://dx.doi.org/10.1016/S0021-9290(03)00251-3
http://dx.doi.org/10.1016/j.gaitpost.2008.08.014
http://www.ncbi.nlm.nih.gov/pubmed/18838269
http://dx.doi.org/10.1016/j.berh.2012.05.009
http://www.ncbi.nlm.nih.gov/pubmed/22867931
http://dx.doi.org/10.1016/j.gaitpost.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19217785
http://dx.doi.org/10.1016/j.jbiomech.2017.06.028
http://www.ncbi.nlm.nih.gov/pubmed/28687150
http://dx.doi.org/10.1046/j.1460-9584.1998.00068.x
http://dx.doi.org/10.1002/jor.22707
http://www.ncbi.nlm.nih.gov/pubmed/25130961
http://dx.doi.org/10.1177/0309364612447097
http://www.ncbi.nlm.nih.gov/pubmed/22691724
http://dx.doi.org/10.1016/j.eujim.2014.10.006
http://dx.doi.org/10.1016/S0966-6362(97)01119-3
http://dx.doi.org/10.1098/rsif.2012.0179
http://www.ncbi.nlm.nih.gov/pubmed/22572024
http://dx.doi.org/10.3233/BMR-150413
http://www.ncbi.nlm.nih.gov/pubmed/28372310
http://dx.doi.org/10.1016/j.gaitpost.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22920242

Sensors 2018, 18, 1468 14 of 16

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Weinhand], J.T.; Sudheimer, S.E.; Van Lunen, B.L.; Stewart, K.; Hock, M.C. Immediate and 1 week effects of
laterally wedge insoles on gait biomechanics in healthy females. Gait Posture 2016, 45, 164-169. [CrossRef]
[PubMed]

Dillon, C.F; Rasch, E.G.; Gu, Q.; Hirsch, R. Prevalence of knee osteoarthritis in the United States: Arthritis
data from the third national health and nutrition examination survey 1991-1994. ]. Rheumatol. 2006, 33,
2271-2279. [PubMed]

Jones, R.K.; Chapman, G.J.; Parkes, M.].; Forsythe, L.; Felson, D.T. The effect of different types of insoles or
shoe modifications on medial loading of the knee in persons with medial knee osteoarthritis: A randomised
trial. J. Orthop. Res. 2015, 33, 1646-1654. [CrossRef] [PubMed]

Nagano, H.; Tatsumi, I.; Sarashina, E.; Sparrow, W.A.; Begg, R.K. Modelling knee flexion effects on joint
power absorption and adduction moment. Knee 2015, 22, 490-493. [CrossRef] [PubMed]

Levinger, P.; Menz, H.B.; Fotoohabadi, M.R; Feller, J.A.; Bartlett, J.R.; Bergman, N.R. Foot posture in people
with medial compartment knee osteoarthritis. J. Foot Ankle Res. 2010, 3, 29. [CrossRef] [PubMed]

Levinger, P.; Menz, H.B.; Morrow, A.D.; Bartlett, ].R.; Feller, ].A.; Bergman, N.R. Relationship between foot
function and medial knee joint loading in people with medial compartment knee osteoarthritis. J. Foot
Ankle Res. 2013, 6, 33. [CrossRef] [PubMed]

Chen, Y.C; Lou, S.Z.; Huang, C.Y.; Su, F.C. Effects of foot orthoses on gait patterns of flat feet patients.
Clin. Biomech. 2010, 25, 265-270. [CrossRef] [PubMed]

Aruin, A.S.; Kanekar, N. Effect of a textured insole on balance and gait symmetry. Exp. Brain Res. 2013, 231,
201-208. [CrossRef] [PubMed]

Yung-Hui, L.; Wei-Hsien, H. Effects of shoe inserts and heel height on foot pressure, impact force,
and perceived comfort during walking. Appl. Ergon. 2005, 36, 355-362. [CrossRef] [PubMed]

Benocci, M.; Rocchi, L.; Farella, E.; Chiari, L.; Benini, L. A wireless system for gait and posture analysis based
on pressure insoles and inertial measurement units. In Proceeding of the 3rd IEEE International Conference
on Pervasive Computing Technologies for Healthcare—Pervasive Health (PCTHealth '09), London, UK,
1-3 April 2009.

Creaby, M.W.; May, K.; Bennell, K.L. Insole effects on impact loading during walking. Ergonomics 2011, 54,
665-671. [CrossRef] [PubMed]

Crabtree, P; Dhokia, V.G.; Newman, S.T.; Answell, M.M. Manufacturing methodology for personalised
symptom-specific sports insoles. Robot. Comput.-Integr. Manuf. 2009, 25, 972-979. [CrossRef]

De Castro, M.P,; Abreu, S.; Pinto, V.; Santos, R.; Machado, L.; Vaz, M.; Vilas-Boas, ]J.P. Influence of
pressure-relief insoles developed for loaded gait (backpackers and obese people) on plantar pressure
distribution and ground reaction forces. Appl. Ergon. 2014, 45, 1028-1034. [CrossRef] [PubMed]

Malisoux, L.; Delattre, N.; Urhausen, A.; Theisen, D. Shoe cushioning, body mass and running biomechanics
as risk factors for running injury: As study protocol for a randomised controlled trial. BM] Open 2017,
7,€017379. [CrossRef] [PubMed]

Baltich, J.; Maurer, C.; Nigg, BM. Increased vertical impact forces and altered running mechanics with softer
midsole shoes. PLoS ONE 2015, 10, e0125196. [CrossRef] [PubMed]

Zhang, Y.; Beaven, M.; Liu, G.; Xie, S. Mechanical efficiency of walking with spring-loaded axillary crutches.
Assist. Technol. 2013, 25, 111-116. [CrossRef] [PubMed]

Dipaola, M.; Pavan, E.E.; Cattaneo, A.; Frazzitta, G.; Pezzoli, G.; Cavallari, P.; Frigo, C.A.; Isaias, L.U.
Mechanical Energy Recovery during Walking in Patients with Parkinson Disease. PLoS ONE 2016, 11,
e0156420. [CrossRef] [PubMed]

Neptune, R.R.; Zajac, EE.; Kautz, S.A. Muscle mechanical work requirements during normal walking;:
The energetic cost of raising the body's center-of-mass is significant. J. Biomech. 2004, 37, 817-825. [CrossRef]
[PubMed]

Silver-Thorn, B.; Herrmann, A.; Current, T.; McGuire, J. Effect of ankle orientation on heel loading and knee
stability for post-stroke individuals wearing ankle-foot orthoses. Prosthet. Orthot. Int. 2011, 35, 150-162.
[CrossRef] [PubMed]

Fitzgerald, R.H.; Vedpathak, A. Plantar pressure distribution in a hyperpronated foot before and after
intervention with an extraosseous talotarsal stabilisation device—A retrospective study. J. Foot Ankle Surg.
2013, 52, 432-443. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.gaitpost.2016.01.025
http://www.ncbi.nlm.nih.gov/pubmed/26979900
http://www.ncbi.nlm.nih.gov/pubmed/17013996
http://dx.doi.org/10.1002/jor.22947
http://www.ncbi.nlm.nih.gov/pubmed/25991385
http://dx.doi.org/10.1016/j.knee.2015.06.016
http://www.ncbi.nlm.nih.gov/pubmed/26195443
http://dx.doi.org/10.1186/1757-1146-3-29
http://www.ncbi.nlm.nih.gov/pubmed/21162748
http://dx.doi.org/10.1186/1757-1146-6-33
http://www.ncbi.nlm.nih.gov/pubmed/23927830
http://dx.doi.org/10.1016/j.clinbiomech.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/20015581
http://dx.doi.org/10.1007/s00221-013-3685-z
http://www.ncbi.nlm.nih.gov/pubmed/23979014
http://dx.doi.org/10.1016/j.apergo.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15854579
http://dx.doi.org/10.1080/00140139.2011.592600
http://www.ncbi.nlm.nih.gov/pubmed/21770753
http://dx.doi.org/10.1016/j.rcim.2009.04.016
http://dx.doi.org/10.1016/j.apergo.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24468683
http://dx.doi.org/10.1136/bmjopen-2017-017379
http://www.ncbi.nlm.nih.gov/pubmed/28827268
http://dx.doi.org/10.1371/journal.pone.0125196
http://www.ncbi.nlm.nih.gov/pubmed/25897963
http://dx.doi.org/10.1080/10400435.2012.726936
http://www.ncbi.nlm.nih.gov/pubmed/23923693
http://dx.doi.org/10.1371/journal.pone.0156420
http://www.ncbi.nlm.nih.gov/pubmed/27258183
http://dx.doi.org/10.1016/j.jbiomech.2003.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15111069
http://dx.doi.org/10.1177/0309364611399146
http://www.ncbi.nlm.nih.gov/pubmed/21515899
http://dx.doi.org/10.1053/j.jfas.2013.03.011
http://www.ncbi.nlm.nih.gov/pubmed/23632067

Sensors 2018, 18, 1468 15 of 16

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Brunner, R.; Rutz, E. Biomechanics and muscle function during gait. J. Child. Orthop. 2013, 7, 367-371.
[CrossRef] [PubMed]

Nagano, H.; Begg, R.K.; Sparrow, W.A.; Taylor, S. Ageing and limb dominance effects on foot-ground
clearance during treadmill and overground walking. Clin. Biomech. 2011, 26, 962-968. [CrossRef] [PubMed]
Fong, C.; Blackburn, J.T.; Norcros, M.E. Ankle-dorsiflexion range of motion and landing biomechanics.
J. Athlet. Train. 2011, 46, 5-10. [CrossRef] [PubMed]

Cavagna, G.A.; Zamboni, A. The sources of external work in level walking and running. J. Physiol. 1976, 262,
639-657. [CrossRef] [PubMed]

Collett, J.; Dawes, H.; Howells, K.; Elswowrth, C.; Izadi, H.; Sackley, C. Anomalous centre of mass energy
fluctuations during treadmill walking in healthy individuals. Gait Posture 2007, 26, 400-406. [CrossRef]
[PubMed]

Schepens, B.; Bastien, J.; Heglund, C.; Williems, P.A. Mechanical work and muscular efficiency in walking
children. J. Exp. Biol. 2004, 207, 587-596. [CrossRef] [PubMed]

Kuo, A. The six determinants of gait and the inverted pendulum analogy: A dynamic walking perspective.
Hum. Mov. Sci. 2007, 26, 617-656. [CrossRef] [PubMed]

Ritchie, C.; Paterson, K.; Bryant, A.L.; Bartold, S.; Clark, R.A. The effects of enhanced plantar sensory
feedback and foot orthoses on midfoot kinematics and lower leg neuromuscular activation. Gait Posture
2011, 33, 576-581. [CrossRef] [PubMed]

Bus, S.A.; Ulbrecht, J.S.; Cavanagh, P.R. Pressure relief and load redistribution by custom-made insoles in
diabetic patients with neuropathy and foot deformity. Clin. Biomech. 2004, 19, 629-638. [CrossRef] [PubMed]
Bonanno, D.R.; Landorf, K.B.; Menz, H.B. Pressure-relieving properties of various shoe inserts in older
people with plantar heel pain. Gait Posture 2011, 33, 385-389. [CrossRef] [PubMed]

Shankthikumar, S.; Low, Z.; Falvey, E.; McCrory, P.; Franklyn-Miler, A. The effect of gait velocity on calcaneal
balance at heel strike; implications for orthotic prescription in injury prevention. Gait Posture 2010, 31, 9-12.
[CrossRef] [PubMed]

Nurse, M.A.; Nigg, B.M. The effect of changes in foot sensation on plantar pressure and muscle activity.
Clin. Biomech. 2001, 16, 719-727. [CrossRef]

Nurse, M. A ; Hulliger, M.; Wakeling, ]. M.; Nigg, B.M.; Stefanyshyn, D.]. Changing the texture of footwear
can alter gait patterns. . Electromyogr. Kinesiol. 2005, 15, 496-506. [CrossRef] [PubMed]

Lafond, D.; Mouchnino, L.; Prince, F. Tactile stimulation of insoles and balance control in elderly people.
Lancet 2004, 363, 84-86. [CrossRef]

Ma, C.C.; Lee, Y.; Chen, B,; Aruin, A.S. Immediate and short-term effects of wearing a single textured insole
on symmetry of stance and gait in healthy adults. Gait Posture 2016, 49, 190-195. [CrossRef] [PubMed]
Bancroft, R.J.; McDonough, T.; Shakespeare, ]J.; Lynas, K. Orthotics. Eur. Geriatr. Med. 2011, 2, 122-125.
[CrossRef]

Alfuth, M. Textured and stimulating insoles for balance and gait impairments in patients with multiple
sclerosis and Parkinson’s disease: A systematic review and meta-analysis. Gait Posture 2017, 51, 132-141.
[CrossRef] [PubMed]

Orth, D.; Davids, K.; Wheat, J.; Seifert, L.; Liukkonen, J.; Jaakkola, T.; Ashford, D.; Kerr, G. The role of
textured material in supporting perceptual-motor functions. PLoS ONE 2013, 8, e60349. [CrossRef] [PubMed]
Hatton, A.L.; Dixon, J.; Rome, K.; Brauer, S.G.; Williams, K.; Kerr, G. The effects of prolonged wear of textured
shoe insoles on gait, foot sensation and proprioception in people with multiple sclerosis: Study protocol for
a randomised controlled trial. Trials 2016, 17, 208. [CrossRef] [PubMed]

Xing, F; Lu, B.; Kuang, M.; Wang, Y.; Zhao, Y.; Zhao, J.; Sun, L.; Wang, Y.; Ma, J.; Ma, X. A systematic
review and meta-analysis into the effect of lateral wedge arch support insoles for reducing knee joing load in
patients with medial knee osteoarthritis. Medicine 2017, 96, €7168. [CrossRef] [PubMed]

Hsieh, R.; Lee, W. Clinical effects of lateral wedge arch support insoles in knee osteoarthritis. Medicine 2016,
95, 27. [CrossRef] [PubMed]

Sawada, T.; Tokuda, K.; Tanimoto, K.; Iwamoto, Y.; Ogata, Y.; Anan, M.; Takahashi, M.; Kito, N.; Shinkoda, K.
Foot alignments influence the effect of knee adduction moment with lateral wedge insoles during gait.
Gait Posture 2016, 49, 451-456. [CrossRef] [PubMed]

Kluge, F; Krinner, S.; Lochmann, M.; Eskofier, B.M. Speed dependent effects of laterally wedged insoles on
gait biomechanics in healthy subjects. Gait Posture 2017, 55, 145-149. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11832-013-0508-5
http://www.ncbi.nlm.nih.gov/pubmed/24432096
http://dx.doi.org/10.1016/j.clinbiomech.2011.05.013
http://www.ncbi.nlm.nih.gov/pubmed/21719169
http://dx.doi.org/10.4085/1062-6050-46.1.5
http://www.ncbi.nlm.nih.gov/pubmed/21214345
http://dx.doi.org/10.1113/jphysiol.1976.sp011613
http://www.ncbi.nlm.nih.gov/pubmed/1011078
http://dx.doi.org/10.1016/j.gaitpost.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17116395
http://dx.doi.org/10.1242/jeb.00793
http://www.ncbi.nlm.nih.gov/pubmed/14718502
http://dx.doi.org/10.1016/j.humov.2007.04.003
http://www.ncbi.nlm.nih.gov/pubmed/17617481
http://dx.doi.org/10.1016/j.gaitpost.2011.01.012
http://www.ncbi.nlm.nih.gov/pubmed/21353563
http://dx.doi.org/10.1016/j.clinbiomech.2004.02.010
http://www.ncbi.nlm.nih.gov/pubmed/15234488
http://dx.doi.org/10.1016/j.gaitpost.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21256025
http://dx.doi.org/10.1016/j.gaitpost.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19880320
http://dx.doi.org/10.1016/S0268-0033(01)00090-0
http://dx.doi.org/10.1016/j.jelekin.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15935961
http://dx.doi.org/10.1016/S0140-6736(03)15210-5
http://dx.doi.org/10.1016/j.gaitpost.2016.07.010
http://www.ncbi.nlm.nih.gov/pubmed/27448047
http://dx.doi.org/10.1016/j.eurger.2010.07.006
http://dx.doi.org/10.1016/j.gaitpost.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27756056
http://dx.doi.org/10.1371/journal.pone.0060349
http://www.ncbi.nlm.nih.gov/pubmed/23565232
http://dx.doi.org/10.1186/s13063-016-1337-x
http://www.ncbi.nlm.nih.gov/pubmed/27098452
http://dx.doi.org/10.1097/MD.0000000000007168
http://www.ncbi.nlm.nih.gov/pubmed/28614253
http://dx.doi.org/10.1097/MD.0000000000003952
http://www.ncbi.nlm.nih.gov/pubmed/27399068
http://dx.doi.org/10.1016/j.gaitpost.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27541338
http://dx.doi.org/10.1016/j.gaitpost.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28445855

Sensors 2018, 18, 1468 16 of 16

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Nakajima, K.; Kakihana, W.; Nakagawa, T.; Mitomi, H.; Hikita, A.; Suzuki, R.; Akai, M.; Iwaya, T.; Fukui, N.
Addition of an arch support improves the biomechanical effect of a laterally wedged insole. Gait Posture
2009, 29, 208-213. [CrossRef] [PubMed]

Willems, T.; Witvrouw, E.; Delbaere, K.; De Cock, A.; De Clercq, D. Relationship between gait biomechanics
and inversion sprains: A prospective study of risk factors. Gait Posture 2005, 21, 379-387. [CrossRef]
[PubMed]

Enna, C.D.; Brand, PW.; Reed, J.K.; Welch, D. The orthotic care of the denervated foot in Hansen's disease.
Orthot. Prosthet. 1976, 30, 33-39.

Verity, S.; Sochocki, M.; Embil, ]. M.; Trepman, E. Treatment of Charcot foot and ankle with a prefabricated
removable walker brace and custom insole. Foot Ankle Surg. 2008, 14, 26-31. [CrossRef] [PubMed]
Dombroski, C.E.; Balsdon, M.E.; Froats, A. The use of a low cost 3D scanning and printing tool in the
manufacture of custom-made foot orthoses: A preliminary study. BMC Res. Notes 2014, 7, 443. [CrossRef]
[PubMed]

Menz, H.B.; Auhl, M.; Ristevski, S.; Frescos, N.; Munteanu, S.E. Evaluation of the accuracy of shoe fitting in
older people using three-dimensional foot scanning. . Foot Ankle Res. 2014, 7, 3. [CrossRef] [PubMed]
Whittle, M. Gait Analysis: An Introduction, 4th ed.; Butterworth-Heinemann Elsevier: Amsterdam,
The Netherland, 2007; ISBN 9780750688833.

Nagano, H.; Sparrow, W.A.; Begg, R.K. Biomechanical characteristics of slipping during unconstrained
walking, turning, gait initiation and termination. Ergonomics 2013, 56, 1038-1048. [CrossRef] [PubMed]
Nagano, H.; Sparrow, W.; Bowman, R.; Begg, R. A Biomechanical Model of the Spacing and Width Effects of
Anti-Slip Strips. In Proceeding of the International Conference on Fall Prevention and Protection, Tokyo,
Japan, 23-25 October 2013; pp. 105-111.

Santhiranayagam, B.K.; Lai, D.T.H.; Sparrow, W.A_; Begg, R K. A machine learning approach to estimate
minimum toe clearance using inertial measurement units. J. Biomech. 2015, 48, 4309-4316. [CrossRef]
[PubMed]

Aqueveque, P; Sobarzo, S.; Saavedra, F.; Maldonado, C.; Gomez, B. Android platform for realtime gait
tracking using inertial measurement units. Eur. . Transl. Myol. 2016, 26, 262-267. [CrossRef] [PubMed]
Yang, S.; Li, Q. Inertial sensor-based methods in walking speed estimation: A systematic review. Sensors
2012, 12, 6102-6116. [CrossRef] [PubMed]

Stassi, S.; Canavese, G.; Cauda, V.; Fallauto, C.; Corbellini, S.; Motto, P.; Demarchi, D.; Pirri, C.E. Wearable
and flexible pedobarographic insole for continuous pressure monitoring. In Proceeding of the IEEE Sensors,
Baltimore, MD, USA, 3-6 November 2013; pp. 1-4.

Jagos, H.; Oberzaucher, J.; Reichel, M.; Zagler, W.L.; Hlauschek, W. A multimodal approach for insole motion
measurement and analysis. Procedia Eng. 2010, 2, 3103-3108. [CrossRef]

Jagos, H.; Pils, K.; Haller, M.; Wassermann, C.; Chhatwal, C.; Rafolt, D.; Rattay, F. Mobile gait analysis
via eSHOESs instrumented shoe insoles: A pilot study for validation against the gold standard GAITRite®.
J. Med. Eng. Technol. 2017, 41, 375-386. [CrossRef] [PubMed]

Zhang, Z.; Poslad, S. Improved use of foot force sensors and mobile phone GPS for mobility activity
recognition. Proc. IEEE Sens. 2014, 14, 4340-4347. [CrossRef]

Franklin, S.; Grey, M.].; Heneghan, N.; Bowen, L.; Li, EX. Barefoot vs common footwear: A systematic review
of the kinematic, kinetic and muscle activity differences during walking. Gait Posture 2015, 42, 230-239.
[CrossRef] [PubMed]

Riskowski, J.; Dufour, A.B.; Hannan, M.T. Arthritis, foot pain and shoe wear: Current musculoskeletal
research on feet. Curr. Opin. Rheumatol. 2011, 23, 148-155. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.gaitpost.2008.08.007
http://www.ncbi.nlm.nih.gov/pubmed/18824355
http://dx.doi.org/10.1016/j.gaitpost.2004.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15886127
http://dx.doi.org/10.1016/j.fas.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19083608
http://dx.doi.org/10.1186/1756-0500-7-443
http://www.ncbi.nlm.nih.gov/pubmed/25015013
http://dx.doi.org/10.1186/1757-1146-7-3
http://www.ncbi.nlm.nih.gov/pubmed/24456656
http://dx.doi.org/10.1080/00140139.2013.787122
http://www.ncbi.nlm.nih.gov/pubmed/23600960
http://dx.doi.org/10.1016/j.jbiomech.2015.10.040
http://www.ncbi.nlm.nih.gov/pubmed/26573902
http://dx.doi.org/10.4081/ejtm.2016.6144
http://www.ncbi.nlm.nih.gov/pubmed/27990241
http://dx.doi.org/10.3390/s120506102
http://www.ncbi.nlm.nih.gov/pubmed/22778632
http://dx.doi.org/10.1016/j.proeng.2010.04.118
http://dx.doi.org/10.1080/03091902.2017.1320434
http://www.ncbi.nlm.nih.gov/pubmed/28573909
http://dx.doi.org/10.1109/JSEN.2014.2331463
http://dx.doi.org/10.1016/j.gaitpost.2015.05.019
http://www.ncbi.nlm.nih.gov/pubmed/26220400
http://dx.doi.org/10.1097/BOR.0b013e3283422cf5
http://www.ncbi.nlm.nih.gov/pubmed/21150623
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Biomechanics of Locomotive Injuries Based on Gait Analysis 
	Falls 
	Foot-Related Conditions 
	Knee Osteoarthritis 

	Shoe Insole Technology for Gait Control and Injury Prevention 
	Shock Absorption 
	Ankle 
	Foot Pressure Control 
	Reaction Speed 
	Lateral Wedge Insole 

	Concerns for Custom-Moulding 
	Gait Analysis for Insole Development 
	Potential of a Wearable, Sensor-Integrated Insole for Real-Time Gait Monitoring 
	Long-Term Effects 
	Conclusions 
	References

