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ABSTRACT

Objectives: Maintaining balance and stability is essential for performing everyday activities and complex tasks
that require coordination between muscles, tendons, bones, eyes, ears and the brain. However, slip, trip or fall
incidents may occur if balance is compromised. Footwear (FW) design features have been identified as factors
that affect balance. To investigate the impact of high-heeled and flat FW on balance stability during stationary
standing, this study was conducted.

Materials and Methods: Seven (1 = 7) physically fit female subjects volunteered for the study. A repeated method
was used to conduct this study. A high heel and flat FW were investigated for detailed kinetic parameters during
standing. Participants stood on a force platform for 40 seconds in each condition. Bioware software was used
to collect and process the data. Student’s ¢-test was applied to determine the significant effects (P < 0.05) of the
selected FW on dependent variables.

Results: Ground reaction force (GRF) (Fx, P = 0.001), (Fy, P = 0.002), (Fz, P = 0.000), Centre of Pressure (CoP)
Trajectories (Ax, P = 0.02), (Ay, P = 0.011), displacement (sx, P = 0.002), (sy, P = 0.001) and (sz, P = 0.002) and
Absolute Coefficient of Friction (Cofxy) (P = 0.0012) values of high heel FW reflect poor balance and stability
patterns compared to flat FW.

Conclusion: Recent studies have shown that wearing high-heeled FW for extended periods can be detrimental to
one’s health. This is due to the significantly elevated GRE, a more dispersed body sway area in terms of Centre of
Pressure (CoP) movement, a curved displacement path and a lower coeflicient of friction value. As a result, there
is an increase in postural load and effort, which can lead to an increased risk of injury.
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INTRODUCTION

Balance is the capacity of the body and mind to retain flexibility and stability in the absence of
external influences. It is essential for every action that the human body makes. Stability takes
it even further by enabling the body and mind to maintain equilibrium regardless of external
pressures, as long as they do not cause one to slip, trip or fall. Maintaining both balance and
stability is crucial for carrying out simple tasks and complicated ones that require coordination
from muscles, tendons, bones, eyes, ears and the brain. Achieving and maintaining balance
requires a complex network of sensorimotor control systems, including the integration of sensory
input from vision (sight), proprioception (touch), the vestibular system (motion, equilibrium
and spatial orientation), and motor output to the eye and body muscles.!'! Sensory impairments
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are a growing issue in many Western countries, as noted by
Palmer et al. in 2015.”) About 3.3% of the working population
suffers from balance disorders. Falls are a major public health
concern worldwide. They are responsible for 684,000 deaths
annually and are the second leading cause of unintentional
injuries. Falls also result in high medical expenses. According
to the World Health Organization, the average healthcare
costs per fall injury for individuals aged 65 or above in
Australia and the Republic of Finland are US$ 1049 and US$
3611, respectively.”!

Footwear (FW) is an essential item in a person’s wardrobe.
Research has found that over 50% of falls are linked to the
type of FW being worn at the time of the accident. Despite
this, both high heels and slippers pose a risk of collapsing
and causing falls.") Up to 45% of falls have been linked to
inappropriate FW.5! According to recent research, 75% of
individuals who experienced hip fractures due to falls had
been wearing inappropriate FW at the time of the injury.
Several factors related to FW design have been linked
to issues with balance, including the outer sole’s slide
resistance, high heel and midsole geometry, heel height,
heel-collar height and sole hardness. However, only a few
of these factors have been studied during the design and
development of specific types of FW regarding their impact
on balance./”

The centre of pressure (COP) is a crucial concept in the
study of human movement and balance. It refers to the
point at which the ground reaction force (GRF) acting
on an individual’s foot or feet is focused. Maintaining
stability and preventing falls is a vital component of the
COP. By keeping the centre of mass (COM) within the
base of support, the COP is believed to indicate the motor
systems involved in preserving balance while standing. The
displacement of the COP at the boundaries of stability is
linked to falls, highlighting the importance of examining
dynamic balance to assess the risk of falling.’¥ During quiet
standing, humans tend to sway both in the mediolateral
(M-L) and anterior-posterior (A-P) directions to maintain
balance.”’. COP excursion and static postural sway have
been commonly studied using force platforms.'"”) The
study of postural control can be supported by examining
stabilometric parameters such as the velocity and deviation
of COP displacement trajectory. This can provide insight
into the effects of flat and high-heel FW.I'!l Determining the
coefficient of performance (COP) is crucial for analysing
the balance control, postural stability and identification and
management of balance, leading to the prevention of falls in
different types of FW.

Nonetheless, a number of studies have examined the
relationship between the development of various FW and
postural stability in various medical conditions ? in various
sports™® and in older individuals.'"¥ However, there are
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very few detailed kinetic studies on balance and stability
dynamics among particular types of FW.'! Therefore,
the present study was designed to determine the detailed
kinetics of flat and high heel FW on balance stability during
standing quiet.

MATERIALS AND METHODS
Subjects

Seven physically fit female subjects with no previous history of
musculoskeletal disorders or fractures on the lower extremity
and vestibular system volunteered for the study. Their mean
age, height and weight were 30.5 £ 3.9 years, 170.7 + 4.8 cm
and 73.8 + 6.03 kg, respectively. Each subject was tested 3 times
for each condition, resulting in six trials per subject: Standing
quietly while wearing high-heel FW and flat FW.

Before the study began, participants were given all the
necessary information to understand the experimental
procedure and completed an informed consent form.
Subjects had the right to withdraw from the experiment at
any time.

Ethical clearance

The study was conducted at the Ergonomics Lab, Defence
Institute of Physiology and Allied Sciences, Delhi. The
Institutional Ethical Committee approved the study protocol
on human use as an experimental subject, and the experiment
followed the principles outlined by the Declaration of
Helsinki Protocol in 1964.! The Institutional approved IEC
Reference number: IEC/DIPAS/A-6/2. dated 03.12.2015.

Details of Footwear (FW)

Two types of FW, high heel and flat, were used for the
experiment. Details of the physical dimensions of FW are
given in Table 1.

Table 1: Physical dimensions of FW used in the study.

S.No Parameters High heel Flat FW
footwear (size-8)

(size 8)

L. High heel height 10.2 cm 2cm

2. Toe width 7 cm 8.5cm

3. Ball width 5.7 cm 7.3 cm

4. FW length 23.0cm 24.5cm

5. Number of layers 3 3

6. Weight 500 g 260 g

7. Sole design Little grooves  Little grooves

8 Shock absorbing insole No No

FW: Footwear
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Experimental design

Before the study began, the participants were given information
about the study process and their agreement was obtained in
writing. To get accustomed, the participants were asked to wear
the selected FW (high heels and flats) regularly for a week prior to
the study. They were also made to stand still on the force platform
for 5 min. The kinetic data of each subject were recorded 3 times
while they were standing still. To avoid any fatigue or experiment-
related bias, the subjects stood for 40 s for each condition with
a 10-minute break between two experimental conditions.
Two piezoelectric sensor-based force platforms (M/s Kistler
Instrumente AG, Switzerland, Model 9286AA) were installed
using the Pit installation method. The force plates were placed at
the centre of the 10-m walkway and in the 3 x 1.5-m area within
the walkway.'”'®! Bioware software (version 3.24; M/s Kistler
Instrumente AG, Switzerland) was used to collect and process the
data. Data were collected at a sampling rate of 50 Hz."!

Data collection

Data were collected for 40 seconds for each participant under
each experimental setting on the force plates. The initial 5
s of data were excluded from each trial, and the remaining

data were analysed. Each individual completed three trials
of each condition, resulting in a total of 42 trials for seven
subjects. The final value was determined by calculating
the mean of the three trials for each condition during data
processing. Six trials were eliminated due to their diversity,
and 36 trials were ultimately chosen for each condition in
the final experiment.

Parameters studied

GRF at M-L Fx, A-P Fy and vertical Fz direction, postural
sway at A-P y and M-L x components of force application
point of the centre of pressure (COP), displacement at M-L
X, A-P y and vertical z direction and absolute coefficient of
friction u (Cofxy) were acquired from Bioware software.

Statistical analysis

The mean and standard deviation of the raw data of
different stabilometric parameters were calculated by
using Minitab 20.4 statistical software. Student’s t-test was
used to determine the significance between the measured
parameters after wearing high heels and flat FW for the

FZ-mean-GRF

FT-mean-GRF

Figure 1: (a) Three dimensional graphical representation of Ground Reaction Force (GRF) during
standing while wearing High-Heel Footwear. (b) Three dimensional graphical representation of
Ground Reaction Force (GRF) during standing while wearing Flat Footwear.
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Figure 2: (a) Graphical Representation of movement of Centre of Pressure (CoP) trajectories during
stationary standing while wearing High-Heel Footwear. (b) Graphical Representation of movement of
Centre of Pressure (CoP) trajectories during stationary standing while wearing Flat Footwear.
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Figure 3: (a) Two dimensional graphical representation of Displacement occurrence during stationary

standing while wearing High-Heel Footwear. (b)

Two dimensional graphical representation of

Displacement occurrence during stationary standing while wearing Flat Footwear
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Figure 4: Graphical representation of absolute coefficient of friction
(Cofxy) during stationary standing after wearing high heels and flat
footwear (Data represent as mean + standard deviation).

chosen level of significance (P < 0.05). GRE postural sway
and displacement of the subjects were measured by plotting
a scatter plot with the average values of Fx, Fy and Fz, COP
movements at Ax and Ay and line plot of sx, sy and sz
direction. This method allows only a visual illustration of the
movement area.

RESULTS

The figures illustrate the kinetic dynamics of balance stability
determinants. These determinants include the GRE, force
application point, COP trajectory, displacement and absolute
coefficient of friction between high-heeled and flat FW.
All of these parameters describe aspects of body sway and
stability. The analysis is based on COP trajectory movements,
the forces exerted on the force plate, and the frictional
forces in two/three-dimensional planes. The importance
of FW selection during long periods of standing, such as
in industrial work, is also highlighted. The student t-test
values showed significant differences in the kinetic dynamics
between high-heeled and flat FW. GRF (Fx, P = 0.001), (Fy,
P =0.002), (Fz, P = 0.000), COP trajectory (Ax, P = 0.02),
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(Ay, P = 0.011), displacement (sx, P = 0.002), (sy, P = 0.001)
and (sz, P = 0.002) and absolute coefficient of friction (Cofxy)
(P =0.0012) values of high heel FW reflects poor balance and
stability pattern compare to flat FW.

DISCUSSION

Wearing the right FW can greatly improve a person’s well-
being. Therefore, when developing a management programme,
it is crucial to take into account the features of the FW.
Previous research has demonstrated a correlation between
FW and diseases, making it important to consider the FW
a person wears carefully.® When wearing shoes, the foot
receives sensory information and regulates posture using
proprioceptive and tactile senses.”” The plantar surface of the
foot contains cutaneous mechanoreceptors which sense tactile
stimulation and provide information to the central nervous
system about plantar pressure distribution.”” Maintaining
balance while standing still requires the coordination of many
bodily parts, joints and sensory systems. The objective is to
remain upright and still in a static position. To reduce the risk
of injury during any activity, it is essential to maintain both
static and dynamic balance. The type of FW worn can affect
the feet’s sensory feedback. FW is frequently made to provide
stability and support, which may have an impact on the foots
ability to balance and perform its purpose.?! This study aimed
to investigate the impact of wearing high heels for prolonged
periods during standing activities, as well as the specific effects
of flat and high heel FW on balance stability when standing still.

The study found that wearing high heels during long-
standing activities is a significant concern, as it leads to a
considerable increase in GRE, a larger area of body sway in
terms of centre of pressure movement, a curved displacement
path and a lower coefficient of friction value [Figures 1-4].

For centuries, women all around the world have worn high-
heeled footwear (HHF) extensively. HHF has a high heel that
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is taller than the forepart and is characterised by a sturdy
high-heel cap, a curved plantar region and a narrow toe
section.” According to prior studies, 37-69% of women
wear HHF every day, and 59% wear them for 1-2 hours
each day.”! Wearing HHF has been linked to various types
of injuries, discomfort in the muscles and skeleton and even
hallux valgus. In fact, between 2002 and 2012, the prevalence
of first-party injuries nearly doubled from 7.1% to 14.1%.
To maintain foot health and take preventative measures, it
is crucial to understand the risk factors associated with the
frequency of these injuries.

Several investigations have proven that the benefits of wearing
HHF are not limited to the foot-ankle complex. There is a chain
reaction of kinematic consequences that travel up the lower
extremities, changing spatiotemporal results, kinematics,
kinetics, muscle activation and energy expenditure in the
process. Based on the current research available, walking in
HHF may require a different kind of neurological control
than walking barefoot. HHF causes the body’s alignment to
change, which negatively impacts postural stability and gait
biomechanics, impairs static and dynamic balance and raises
the risk of falls for those who wear HHE*”

When it comes to FW, high-heeled shoes tend to shift the
COM forward compared to flat ones. This shift in posture
results in an increase in the vertical ground response force
applied on the forefoot while standing. This, in turn, causes
a rise in the vertical GRF component when walking in high
heels.?®! The diagram shows how the force in the vertical
direction changes when standing still in flat shoes compared
to high heels. The difference in height of 8.2 cm creates a
42.10% increase in vertical reaction forces (with a significant
level of P =0.001). This increased force could potentially cause
long-term damage to the lower extremities of the person
wearing the high heels. As the height of the heel increases, the
base of the shoe becomes smaller, which means that the force
is distributed over a smaller area, resulting in greater pressure
on the foot compared to flat shoes. A study has shown that
wearing high heels can result in decreased postural stability
both when standing still and when moving. This is due to the
increased sideways and forward/backward movement of the
centre of pressure under the foot. It is believed that one of the
main reasons for this is the changes to the sensory input from
the foot caused by the raised position of the heel.”” Weight
distribution on feet provides a solid foundation for posture,
walking and standing. However, if it reduces foot muscular
strength, it modifies postural sway during standing.*” A study
has found that wearing high-heel shoes can negatively affect
balance due to their poor characteristics, such as less shock
absorption, pointed and less contact area, counter stiffness
and poor motion control. The researchers found that these
characteristics lead to increased postural sway and reduced
stability when tested with HHF compared to flat shoes.!

Wearing high heels while standing causes a shift in weight
forward, as it changes the centre of gravity (CG) and plantar
pressure. Initially, the calcaneus bone elevates, which alters
the centre of gravity’s forward displacement, leading to
postural imbalance. To restore balance, the body adapts by
making postural corrections. The postural system is flexible
and can meet the demands of excessive or reduced postural
muscular actions against gravity. Compared to flat FW, the
high heel displacement area of the foot is more curved to
maintain balance and stability when standing. However,
prolonged exposure to this situation can lead to forefoot
abnormalities, muscle shortening and joint discomfort.”!

When two surfaces are in contact, and a force is applied
both laterally (frictional force) and vertically (pressing
force), the two surfaces establish a connection that provides
frictional resistance. This connection is characterised by a
value known as the coeflicient of friction (Cof). The Cof is
a crucial factor in any activity because a higher Cof leads to
greater friction, whereas a lower Cof leads to less friction.!
The proper selection of FW and floor coverings is crucial in
preventing slip and fall accidents. A recent study conducted
a graphic to illustrate the the Absolute Coefficient of Friction
(Cofxy) of two pairs of shoes and found that high heels have
a significantly lower Cof than flats. This is because high heels
have smaller contact areas, which results in less frictional
force and increases the risk of slipping, falling and tripping.

Efforts are being made to mitigate the negative effects of
wearing high-heeled shoes in everyday activities. However,
certain factors such as heel height, heel base size and insert
insoles must be considered while designing and developing
HHE These factors can significantly affect lower extremity
biomechanics and provide comfort. This study presents new
findings from an analysis of the results, shedding light on
the impact of high heels and flat FW on balance and stability
in different directions of movement. The values of pressure
trajectory, GRE, displacement and coeflicient of friction for
both types of FW indicate an increased risk of injury with
prolonged use of high heels. Based on available data, it can be
concluded that: (i) The optimal high heel height range is 3.76—
4.47 cm; (ii) larger high heel bases effectively improve gait
stability, lower the risk of ankle injury and increase comfort
rating when walking in high heels and (iii) using a total contact
insert significantly reduces plantar pressure and impact forces
on the foot, leading to a higher perceived comfort level.*!

Limitation

The present study was limited in scope by a small sample size,
only examining two types of FW in standing and laboratory
conditions. To improve the translation of these findings to
real-world scenarios, a larger sample size should be used,
with similar protocols for walking conditions. For future
studies, additional data on physiological factors, barefoot
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conditions, other FW types and different standing and
walking conditions should be included.

CONCLUSION

Based on a recent study, standing still while wearing high
heels can result in increased reactive force, leading to greater
postural load and effort and painful lower extremities. The
lack of shock-absorbing material and inadequate outsole
grooves cause much higher applied forces (~42.10%) as
compared to flat FW. The increased static postural load can
cause pain and an increased risk of injury. HHF also results
in a diminished sense of stability and balance, which can
be seen by the noticeable dispersed postural sway in terms
of COP (Centre of Pressure) trajectory, as compared to flat
FW. It was discovered that high heel users COP position
in relation to the base of support (BOS) was more medial,
indicating lower functional limitations of dynamic stability.
More dispersed medial postural sway leads to an increased
risk of injury. By integrating shock-absorbing material in
both types of FW, an improved balance and stability can be
achieved.

A shoe with a high heel design has a less contact surface,
resulting in unequal weight distribution that causes the CG
to slip forward. When standing still, the COM of the body
continuously shifts, creating a curved displacement area for
HHE, compared to flat FW, which can more evenly distribute
pressure by regulating CoM momentum through a larger
contact surface. FW with an improved sole, an ideal high
heel and increased traction can improve stability and balance
during prolonged standing activities such as industry-specific
occupations. However, a high coefficient of variation for
HHF indicates a greater risk of slippage and falls. The results
of a study suggest that wearing high heels can have a negative
impact on health during long periods of stationary-standing
activity-related occupations. High heels can increase the
postural load and effort, leading to an increased risk of slips,
trips, falls and decreased balance and stability compared to
flat FW. These results will be used to develop databases for
future HHF design, as there is currently no standard method
for determining an individual’s stability.
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