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ABSTRACT

Introduction: High-heeled footwear lacks sufficient cushioning at the heel, leading to direct transmission of impact
forces to the body, which may contribute to musculoskeletal strain. While previous studies have examined the effects
of high heels on gait and posture, limited research has investigated the combined impact of high-heeled walking,
load carriage, and surface incline on lower limb biomechanics. This study seeks to address this gap by analyzing the
forces exerted on the ankle joint and Achilles tendon under these conditions. Materials and Methods: Fifteen young
healthy local university female undergraduates were assessed in biomechanics lab for the kinetic impact of walking
under various conditions, comparing barefoot and high-heeled shoe conditions with and without load carriage. The
analysis encompassed walking on both level and inclined surfaces at participants' preferred walking speeds. Utiliz-
ing the inverse dynamic method, the forces exerted on the ankle joint and Achilles tendon were calculated. Results:
Variations in VGRF can indicate potential stress on joints and tissues; however, the results showed no statistically sig-
nificant differences in maximum VGRF between conditions. Nevertheless, the study observed a consistent increase
in both ankle joint and tendon forces with the steepening of slope across all heel height and load carriage conditions.
Conclusion: The results of this research enhance our understanding of the interactions between humans and high-
heels, providing insights to enhance the performance of the musculoskeletal system. This knowledge is valuable for

prioritizing women's safety and health in terms of gait and posture while wearing high-heeled footwear.
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INTRODUCTION

High-heels feature a raised heel that lifts the wearer
higher off the ground than the toe, elevating the heel
above the fore-part of the footwear. Despite concerns
regarding comfort and support, high-heeled shoes
continue to be widely embraced, with a significant
number of women integrating them into their daily attire
(1). Studies suggest that frequent wearing high-heeled
shoes can lead to an uneven distribution of pressure
beneath the foot, resulting in adverse effects on foot
structure (2). Indeed, compared to going barefoot, the
design of high heels presents challenges in maintaining
balance and increases the risk of falls due to movement
of the body center of gravity (COG) and a reduction in
the base of support (BOS) (3). While the human body
can adapt to these stability challenges to some extent,
these adjustments can have significant impacts on the

musculoskeletal system (4, 5).

The adverse effects experienced by women are not
solely attributable to heel height; load carriage also
plays a significant role. Over the past few vyears,
women's backpack sales have seen a notable increase of
28%, while sales of women's handbags have gradually
declined. In response to significant shifts in physical
performance, the interest in understanding the impact
of load carriage has led to recommendations suggesting
that backpack weight should be restricted to 10% to
15% of body weight (6). Studies suggest that the pivotal
mass capable of modifying gait pattern and walking
posture, thereby eliciting significant effects on people
carrying a load equivalent to 10% of body mass (7, 8).

Research examining the distribution of loads beneath
the foot with varying heel heights dated back to the early
1930s. Findings indicate that carrying loads increases
joint moments and powers, contributing to imbalanced
posture and gait movements in women wearing high-
heeled shoes. Moreover, walking while carrying a
load significantly impacts spatio-temporal parameters
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(6, 9). The critical load for carriage is approximately
10% of body weight. Vertical Ground Reaction Force
(VGRF) is a key measurement in gait analysis as it
offers valuable insights into the interaction between
the body and the ground during walking, serving as a
proxy to assess the additional stress imposed by high-
heels and its biomechanical impact on gait and posture.
Symmetrical load carriage increases VGRF, while
uneven loads carriage exceeding 20% of body weight
result in considerable increase in low back moment and
alterations in trunk and pelvis alignment (10). Increasing
walking speed while carrying a heavy backpack could
function as a compensatory measure to minimize body
instability when walking uphill.

Previous research has predominantly concentrated on
investigating the impacts of high-heels (11, 12), various
types of load carriage (13), or both (14) on lower
extremities. However, studies examining the combined
influence of high-heeled shoes and carrying load
specifically during incline walking are currently scarce.
Incline walking presents a significant challenge in daily
activities, involving a biomechanical shift from level to
uphill walking that requires increased exertion from leg
muscles (15, 16). During uphill walking, ankle extensor
muscles play a crucial role in producing positive work
to raise the COG (17, 18), potentially increasing the risk
of muscle fiber damage (19).

High-heeled shoes can significantly alter biomechanics,
often leading to increased stress on the ankle and other
lower extremity joints. Research indicates that wearing
high heels can increase vertical ground reaction forces
(VGRF) by 30-50% compared to flat surfaces, which can
lead to greater force transmission to the body, potentially
contributing to musculoskeletal discomfort and injury
risk (20, 21). In particular, the elevated forces on the
ankle joint are associated with an increased likelihood of
conditions like Achilles tendinopathy, ankle instability,
and even chronic foot discomfort (22). These findings
highlight the need for understanding the biomechanical
effects of high heels, especially in populations that wear
them regularly, such as young women in professional
settings. This research can enhance fundamental
understanding of human interactions with high-heeled
shoes and develop knowledge to optimize human
musculoskeletal system performance, whilst preserve
women'’s safety and health in gait and posture.

MATERIALS AND METHODS

High-Heeled Shoes

This study utilized a particular high-heels featuring
a heel height of 2.5 inches (6.35 cm) and a diameter
of 1 cm at the tip base (see Fig. 1a). A heel height of
2.5 inches is considered a mid-height heel, frequently
chosen for professional and social settings, making it a
representative example of footwear commonly chosen
by many individuals. Similarly, a heel base diameter

of 1 cm represents the typical stiletto design, which
is associated with stability challenges and increased
localized stress on the forefoot and tendons, thereby
heightening biomechanical demands on the lower
extremities. The high-heels size was standardized to
US 7 which is the most common size for women. The
control variable for the study was walking barefoot. Prior
research has indicated that occasional wear of high-
heeled shoes can lead to a reduction in foot pronation
during the stance phase of gait (23).

(a)

Fig 1 : (a) High-heeled shoes. (b) Experiment setup

Load Carriage and Incline Slope

This study has adopted a load weight equivalent to 10%
of the body mass. The control variable for the study is
zero load weight to highlight the observed differences.
For the safety concern, a 10% incline slope was chosen
for this study (24). The slope gradient can be determined:

5 tan ( Slope Percentage)
egree = tan’

100
(1)

Participants

This study enlisted fifteen local female undergraduates
who were young (mean age 22.93 + 0.80 years) with foot
sized of US 7, healthy and from the same geographical
area. All participants exhibited a normal body mass index
(BMI), considering its potential impact on foot force
distribution and the provision of varied gait parameters
(25). Participants were screened for the absence of
postural deformities such as flat feet and high arches,
orthopaedic issues, or any lower extremity diseases.
The physical anthropometry data of the participants
with normal BMI are outlined in Table I. The research
was conducted at Universiti Tunku Abdul Rahman,
with ethical clearance obtained from the university (U/
SERC/175/2022). Informed consent was obtained from
all participants before their involvement in the study.

Table I: Characteristics of 15 Female Participants.

Variables Mean =+ Standard Deviation
Age (years) 22.93+0.80
Body Mass (kg) 54.04+7.41
Body Height (m) 1.63+0.03
Length of Leg (m) 0.94+0.02
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Experimental Protocol

Prior to commencing testing, anthropometric data
concerning the lower extremities, including body height,
body mass and leg length were taken and documented.
The testing consisted of eight conditions, each repeated
twice to obtain an average result, as shown in Table II.
In the loaded condition, a load equal to 10% of body
mass was applied, whereas no load was applied in the
unloaded condition. Markers were placed on the knee
joint, ankle joint, heel and toe of the participants’ right
limb.

Table II: Description of Different Conditions.

No  Condition

1 Level walking with barefoot unloaded

2 Level walking with high-heeled unloaded
3 Level walking with barefoot loaded

4 Level walking with high-heeled loaded

5 10% Incline walking with barefoot unloaded

10% Incline walking with high-heeled
unloaded

7 10% Incline walking with barefoot loaded

8 10% Incline walking with high-heeled loaded

All participants walked at their preferred speed on an
instrumented treadmill equipped with two force plates
(HP Cosmos Gaitway) (see Fig. 1b). There were eight
conditions to be completed, with each condition
repeated three times to obtain an average outcome.
Participants walked on the treadmill for 2 minutes per
condition. Adequate break time was provided between
trials. Kinetic data was collected using the associated
software (Gaitway, Traunstein) at a frequency of 100
Hz. Joint angular displacement of the lower extremities
was assessed using Kinovea video analysis software
(Kinovea.org).

Data Analysis

Fig 2. illustrates the constructed free body diagram
for level barefoot walking model. The forces exerted
include the VGRF, Achilles tendon (FAT), and ankle
joint (ANK) forces which have been analyzed across
different conditions. The comparison between barefoot
and high-heeled walking was likely included to
establish a baseline for understanding how high heels
influence biomechanical factors. Barefoot walking
represents a natural, unrestricted condition, providing
measurable evidence for specific impacts on tendons
and joints. Prior to statistical analysis, all data were
normalized to mitigate inter-individual differences (26).
An independent-means t-test was conducted using the
Statistical Package for the Social Sciences (IBM SPSS
Statistics, Version 27) to analyze the kinetic data, with
the significance level set at .05. The t-value quantifies
the size of the difference relative to the variability in

the sample data, expressed in units of standard error,
providing a standardized measure for comparison (27).

: COM Toe
Heel o

mg

Fig 2 : Free body diagram for level barefoot model. 6 is the angle
between FAT to right horizontal. a, b, c and d are the heel height,
length of FAT to ankle, foot length and length of ankle to COM
respectively.

RESULTS

Table 1l presents the VGRF, FAT, and ANK forces
along with their corresponding statistical values for
two shoe conditions: (i) barefoot and (ii) high-heeled
shoes. These values are categorized across various
conditions, including level unloaded, level loaded,
inclined unloaded, and inclined loaded. Participants
generally exhibited higher VGRF in high-heeled
conditions compared to barefoot walking. However,
these differences were not statistically significant across
any of the tested conditions, suggesting that while high
heels may contribute to increased VGRF, the variations
may not be robust enough to confirm a systematic effect
under these specific conditions. In contrast, the ANK
showed a significant increase in inclined conditions
when wearing high-heeled shoes (t(28) = -4.533,
p < .0001 for incline unloaded; t(28) = -4.590, p <
.0001 for incline loaded), highlighting a pronounced
biomechanical impact due to the combined effects of
incline and footwear. However, the lack of significant
change in level conditions (t(28) = -2.264, p = .031;
t(28) = -.701 p = .489) suggests that the influence of
high heels on ANK force is more pronounced when the
walking surface involves an incline, likely due to the
additional mechanical demand placed on the ankle.
Similarly, FAT also increased significantly in inclined
conditions for both loaded and unloaded groups (t(28)
=4.229, p <.0001 for inclined unloaded; t(28) = 4.575,
p < .0001 for inclined loaded), indicating a consistent
trend of heightened musculoskeletal strain under these
scenarios. This finding underscores the compounding
effects of incline and high-heeled footwear, particularly
in activities that involve sustained or dynamic loading.
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Table 111: Normalized VGREF, ankle joint force and Achilles tendon force during level and incline walking in barefoot and high-

heeled shoes.

Mean = Standard Deviation

Parameters Variables

p-value
Barefoot High-heeled

Level unloaded 1.04+0.09 1.06+0.11 .557

Level loaded 1.09+0.11 1.10+0.11 797
VGRF (N/BW)

Inclined unloaded 1.01+0.08 1.05+0.13 279

Incline loaded 1.06+0.13 1.09+0.10 232

Level unloaded 0.24+0.09 0.30+0.05 .031
Ankle Joint Level loaded 0.32+0.09 0.34+0.07 489
Force IN/BW) Inclined unloaded 0.58+0.25 1.04+0.30 <.0007*

Incline loaded 0.76+0.30 1.96+0.97 <.0001*

Level unloaded -1.25+0.10 -1.33+0.14 .082
Archilles Level loaded 1.3620.14 1.3720.17 763
Tendon
Force(N/BW) Inclined unloaded -1.53+0.25 -2.02+0.38 <.0001*

Incline loaded -1.74+0.33 -2.98+0.99 <.0001*

Table IV summarizes the mean and standard deviation
values for VGRF, ANK, and FAT forces under both
unloaded and loaded conditions. While variations
in VGRF were observed with and without a loaded
backpack, the changes were not statistically significant,
indicating that load carriage alone had minimal impact
on vertical ground reaction forces across the tested
scenarios. In contrast, significant increases were noted
in ANK and FAT under specific conditions, particularly

during level barefoot walking (t(28) = -2.478, p = .019;
t(28) = 3.103, p = 0.004 respectively) and inclined
high-heeled walking (t(28) = -3.494, p = .002; t(28)
= 3.476, p = .002 respectively). These results suggest
that incline and high-heeled footwear exert substantial
mechanical stress on the ankle and tendon, amplifying
biomechanical challenges compared to level walking or
barefoot conditions.

Table IV: Normalized VGRF, ankle joint force and Achilles tendon force in loaded and unloaded.

Mean = Standard Deviation

Parameters Variables p-value
Unloaded Loaded
Level Barefoot 1.04+0.09 1.09+0.11 .076
Inclined Barefoot 1.01+0.08 1.06+0.13 184
VGRF (N/BW)
Level High-Heeled 1.06 £0.11 1.10+0.12 420
Incline High-Heeled 1.05+0.13 1.09+0.10 166
Level Barefoot 0.24+0.09 0.32+0.09 .019*
Ankle joint Inclined Barefoot 0.58+0.25 0.76x0.30 .092
Force INBW) L evel High-Heeled 0.30£0.05 0.34+0.07 .069
Incline High-Heeled 1.04+0.30 1.96+0.97 .002*
Level Barefoot -1.25+0.10 -1.39x0.14 .004*
Archilles Inclined Barefoot -1.5320.25 -1.74£0.33 051
Tendon
Force (N/BW) Level High-Heeled -1.36+0.14 -1.37+0.17 443
Incline High-Heeled -2.02+0.38 -2.98+0.99 .002*

Table V presents the mean and standard deviation
values for VGRF, ANK, and FAT forces under level
and inclined slope conditions. While no significant
differences in VGRF were observed between the
conditions, the significant increase in both ANK (t(28)
= -4.913, p < .0001 for barefoot unloaded; t(28) =
-5.382, p < .0001 for barefoot loaded; t(28) = -9.367, p
< .0001 for high-heeled unloaded; t(28) = -6.445, p <
.0001 for high-heeled loaded)and FAT (t(28) = 3.960, p

< .0001 for barefoot unloaded; t(28) = 3.872, p =.001
for barefoot loaded; t(28) = 6.697, p < .0001 for high-
heeled unloaded and t(28) = 6.181, p < .0001 for high-
heeled loaded) during inclined walking underscores the
substantial biomechanical impact of walking on slopes.
This finding indicates that inclines impose greater
mechanical demands on the ankle and tendon compared
to level walking, likely due to the altered kinematics and
increased propulsion requirements of uphill gait.
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Table V: Normalized VGREF, ankle joint force and Achilles tendon force in different slope conditions.

Mean = Standard Deviation

Parameters Variables p-value
Level Inclined
Barefoot unloaded 1.04+0.09 1.01+0.08 .262
Barefoot loaded 1.09+0.11 1.06+0.13 .303
VGRF (N/BW) _
High-Heeled unloaded 1.06+0.11 1.05+0.13 .815
High-Heeled loaded 1.10+0.12 1.09+0.10 .696
Barefoot unloaded 0.24+0.09 0.58+0.25 <.0001*
Ankle joint Barefoot loaded 0.32+0.09 0.76+0.30 <.0001*
Force (N/BW)  High-Heeled unloaded 0.30£0.05 1.04£0.30 <.0001*
High-Heeled loaded 0.34+0.07 1.96+0.97 <.0001*
Barefoot unloaded -1.25+0.10 -1.53+0.25 <.0001*
Archilles Barefoot loaded -1.3620.14 -1.7420.33 001+
Tendon
Force (N/BW) High-Heeled unloaded -1.33+0.14 -2.02+0.38 <.0001*
High-Heeled loaded -1.37+0.17 -2.98+0.99 <.0001*
DISCUSSION to high-heeled footwear, emphasizing their impact on

This study provides an in-depth analysis of VGRF, ANK,
and FAT under various walking conditions, including
level and inclined walking, barefoot and high-heeled
footwear, and loaded versus unloaded scenarios.
VGREF provides insights into load distribution and stress
patterns that may lead to injuries such as plantar fasciitis
or joint degeneration (28). ANK focuses on the loads
borne by the ankle joint, helping assess risks such as
sprains or chronic instability, particularly in high-stress
scenarios like wearing high heels (29). FAT sheds light
on the strain experienced by the Achilles tendon, aiding
in the prevention of injuries such as tendinopathy or
rupture (30).

The findings reveal that walking in high-heeled shoes
leads to increase VGRF as shown in Table Ill. Inclined
walking redistributed body weight more vertically,
resulting in lower peak VGRF compared to level walking.
Hyun et al. (2016) emphasized that high-heeled shoes
increase GRF during level walking due to altered gait
mechanics and posture adjustments caused by elevated
heels. Zeng et al. (2023) further corroborated these
findings through a systematic review, noting that high-
heeled shoes not only heighten GRF but also disrupt
balance and alter lower extremity biomechanics, which
collectively increase musculoskeletal stress and injury
risk. However, Shang et al. (2020) observed no significant
variation in peak GRF across different heel heights during
stair ascent, suggesting that dynamic requirements such
as step geometry play a more dominant role.

Meanwhile, ANK and FAT forces were significantly
higher during inclined walking when wearing high
heels compared to barefoot, reflecting the increased
mechanical demands placed on the posterior chain.
Stefanyshyn et al. (2000) also reported significant
alterations in ankle joint forces and gait mechanics due

normal biomechanical function. Furthermore, Luximon
et al. (2015) showed that heel height, combined with
factors such as slope angle, significantly influences
plantar pressure distribution and center of pressure
trajectory, contributing to the increased mechanical
demands on the ankle joint under inclined conditions.
The variation of the center of pressure (COP) increases,
requiring higher muscle activation when wearing high-
heeled shoes. Wearing high heels results in a shortened
position for the calf muscle-tendon unit (MTU). Given
the plasticity of muscles and tendons, prolonged use
of high heels could potentially lead to alteration in the
behaviour of the MTU (34).

Load carriage further amplified these forces, with
statistical analysis showing significantly higher ANK
and FAT forces during both level barefoot and inclined
high-heeled walking under loaded conditions (Table
IV). Dames and Smith (2016) reported that load carriage
combined with specific footwear significantly influences
lower-extremity kinetics. Musculoskeletal injuries in
the lower limbs can indeed result from overloading
or improper handling of heavy loads. Carrying an
additional backpack load increases stress on the skeletal
system and may eventually lead to stress fractures, as
evidenced by the greater ratio of ANK force increment
compared to FAT force decrement during loaded
walking (35). Additionally, Lee et al. (2017) noted that
uphill walking with a backpack alters gait mechanics,
increasing the risk of lower-limb injuries. Walking on
level ground or uphill while carrying a backpack can
significantly modify gait patterns and elevate the risk of
biomechanical strain (36).

The force applied to the ankle joint is significantly higher
during inclined walking than during level walking (Table
V). In level walking, approximately 80% of the total
mechanical work required is performed by the muscles
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around the ankle joint, with this dependence varying
during uphill walking (37-39). Walking on steeper
inclines requires a greater amount of positive joint work,
with the ankle joint serving as the primary contributor to
this positive work, while the increase in negative joint
work remains minimal (40). This finding aligns with
Montgomery and Grabowski (2018) and Alexander et
al. (2017), who observed a marked elevation in lower
limb joint work on slopes.

Overall, this study provides valuable insights into how
factors such as footwear type, particularly high-heeled
shoes, walking conditions, and load carriage influence
biomechanical stresses on the lower limbs through
the analysis of VGRF, ANK, and FAT forces. High-
heeled footwear was found to significantly increase
these stresses, particularly under inclined and loaded
conditions, heightening the risk of musculoskeletal
strain and injury. By identifying these risks, the study
informs the development of ergonomic footwear,
targeted injury prevention strategies, and effective
rehabilitation protocols. These findings have wide-
reaching implications for improving musculoskeletal
health across diverse populations, including individuals
in occupational and clinical settings.

CONCLUSION

While the vertical ground reaction force (VGRF) was
higher during level walking compared to inclined
walking, the ankle joint and Achilles tendon forces
were significantly greater in inclined conditions. These
findings underscore the importance of designing safer
footwear with moderate heel heights (ideally no more
than 1.5-2 inches (3.81 cm - 5.08 cm)) and wider
heel bases to reduce localized stress on the ankle and
Achilles tendon. Additionally, limiting the weight of
carried loads, such as recommending that individuals
avoid carrying bags heavier than 10-15% of their body
weight, can help reduce stress on the musculoskeletal
system. This is especially crucial when navigating
inclined surfaces, where the combined effects of high
heels and heavy loads can increase injury risks. The
significance is particularly evident for high-heel wearers,
as these findings highlight the heightened biomechanical
stress associated with high heels, which can elevate
the risk of musculoskeletal injuries and discomfort.
Future research should investigate the long-term effects
of different types of footwear on biomechanics across
diverse populations, incorporating larger sample sizes
to enhance the reliability and generalizability of the
findings. This would provide a better understanding of
how different footwear types influence gait, joint stress,
and muscle activation. Including a wider range of shoe
types, such as flat shoes and sneakers, would offer more
comprehensive insights into their role in musculoskeletal
health and injury prevention. Expanding research in this
direction would lead to evidence-based guidelines for
reducing foot-related discomfort and minimizing injury

risks across different groups and settings.
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