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Abstract: The purpose of the study is to determine the influence of lateral-heel-worn shoes (LHWS)
on balance control ability through the single-leg drop jump test. The results could be beneficial by
preventing lower limb injuries. Eighteen healthy participants performed the single-leg drop jump test.
Times to stabilization for ground reaction forces (TTSG) in the anterior/posterior, medial/lateral, and
vertical directions were calculated to quantify dynamic balance control ability. Outcome variables of
the center of pressure (COP) were used to examine the main effect of LHWS during the static phase.
The postural control ability was assessed through time to stabilization for the center of mass (TTSC) in
the three directions. TTSG and TTSC for the LHWS group were found to be longer than those for the
new shoes (NS) group in the M/L direction (p < 0.05). An increase in the TTS revealed an increased
risk of falls during physical activities. However, no significant effects for both TTSG and TTSC were
found in the other two directions between LHWS and NS groups. A static phase was cropped using
TTSG for each trial, which indicated a phase after participants obtained balance. Outcome measures
derived from COP showed no significant effects in the static phase. In conclusion, LHWS weakened
balance control ability and postural stability in the M/L direction when compared to the NS group.
During the static phase, no significant differences were found between the LHWS group and the
NS group in balance control ability and postural stability. Consequently, lateral-worn shoes might
increase the risk of fall injuries. The results could serve as an evaluation of shoe degradation for
individuals with the aim of avoiding the risk of falls.

Keywords: worn shoes; time to stabilization; single-leg drop jump; dynamic balance; fall injury

1. Introduction

Footwear plays an important role in balance control ability, which is essential in the
prevention of injuries in a weight-bearing condition [1]. Individuals’ footwear might wear
after a long time of wearing. Inappropriate footwear was indicated to be associated with
bone fractures [2]. Additionally, high correlations were investigated between the outsoles of
footwear and balance [3]. Worn shoes may attenuate balance control ability, thus increasing
the risk of falls [4] and ankle sprains during physical activities [5]. A previous study has
indicated that the degradation of shoes is one of the significant risk factors for running-
related injuries [6]. The influence of shoe degradation on biomechanics during running
were examined [2]. As for the worn-shoe group, the stance time increased significantly
and the ankle revealed a decrease in the maximum dorsiflexion, which indicated that
runners might alter their running patterns to maintain constant external loads. Another
study [7] used a 1 mm thick tapered wedge to simulate the wear of footwear. The results
revealed consistent results that lateral heel wear led to a decrease in functional performance
under the condition of single-leg weight bearing. Moreover, the greater size of the shoe-
worn region was also indicated to increase slip occurrence during walking for healthy
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adults [8]. Worn shoes might alter the biomechanics of individuals during activities [9].
Understanding the biomechanical effects of worn shoes on balance control ability could
enhance individuals’ attention to shoe attrition, which could reduce the injuries induced by
worn shoes.

Dynamic balance is defined as the ability to maintain or recover balance while per-
forming movements [10]. One technique to assess dynamic stabilization is a jump landing
task that has been proposed to have consistent sensitivity for instability [11]. The single-leg
drop jump landing test has often been used to examine balance control ability [12], which
is complex and sports-related [13]. The test assesses the balance control transition from
a dynamic phase to a static state [14]. Participants need to jump from a platform and
land on a force platform. As the participants are required to jump from a platform with a
certain height, the GRF in the vertical and anteroposterior are large enough to differentiate
different conditions [12]. Consequently, the tests could be regarded as an appropriate
approach to detect impairments in dynamic balance [15]. Outcome measures from ground
reaction forces (GRF) were used mostly to quantify the test performance [16]. Time to
stabilization (TTS) was calculated to assess balance ability, which is the time that the GRF in
a given direction stabilizes within the static baseline following a single-leg drop jump [17].
The dynamic stability was examined for healthy individuals with the calculation of TTS
under different footwear conditions using this test in previous studies [18]. The sequential
averaging approach is one of the most frequently used methods to calculate TTS, the value
of which reflects balance control ability during the dynamic phase [19,20]. On the other
hand, single-leg standing balance during the static phase is usually assessed using the
center of pressure (COP) measured by force platforms, which is considered to be the gold
standard measure [21]. The outcome measures derived from COP could discriminate static
postural stability effectively [22]. However, these measures only provide the estimation of
stability control without the consideration of postural balance [23].

Footwear could alter the posture of the feet and the ground contact and/or influ-
ence several sensory systems, which importantly contribute to postural control [24]. Sole
Christopher Charles, et al. [25] revealed that skew footwear might impair postural stability.
The adaptation of posture might cause a decrease in the ability to recover from pertur-
bations [25]. The decrease in postural stability was indicated to increase the risk of falls,
especially for older adults [26]. During a single-leg drop jump landing task, the jump
could be considered a balance disturbance, and the recovery of balance stabilization is the
postural control pursuit after the impact on the force platform [27]. This spatial stabilization
is usually evaluated by outcome measures of the center of mass (COM) [28]. Since outcome
measures from GRF and COP could not assess postural stability, outcome variables derived
from COM were adopted to assess the postural responses to disturbance [29].

The degradation of shoes is inevitable for individuals in daily life. The degradation
of footwear was also indicated to significantly contribute to injuries [30]. The differences
in shoe support could be associated with balance [31]. With the wearing time of footwear
increasing, the degeneration mostly appears at the lateral heel [32]. This worn pattern leads
to lateromedial asymmetry in the heel, the effects of which on balance control stabilization
have been seldom studied. Therefore, it is hypothesized that lateral-heel-worn shoes
(LHWS) impair balance control ability and posture stability. The single-leg drop jump test
was conducted to examine the influences. Outcome measures from GRF and COM were
analyzed to reveal the influence.

2. Methodology
2.1. Participants

A sample size estimation was performed with a significance level of 0.05 and a sta-
tistical power of 0.8 in Gpower (G*power 3.0.10, Universität Düsseldorf, Düsseldorf, Ger-
many). The minimum sample size was calculated to be 15 participants with a medium
effect size of 0.8. A convenience sample of 18 healthy participants (12 males, 6 females,
age = 25.3 ± 5 years, weight = 69.5 ± 12.2 kg, and height = 173.6 ± 9.3 cm) was recruited
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from Hong Kong Polytechnic University. All participants were free of lower limb mus-
culoskeletal injuries. In addition, abnormal foot morphology was also excluded from
participant recruitment in this study. As individuals might have different degradation
types of worn shoes due to their gait patterns, all the participants recruited in the current
study were confirmed to have lateral-heel-worn patterns using their previous shoes. In-
formed written consent was obtained by all participants before the experiment. This study
was approved by the Human Subjects Ethics Sub-Committee of Hong Kong Polytechnic
University (number: HSEARS20150121003).

2.2. Footwear Conditions

The current study adopted common canvas shoes to investigate the impact of worn
shoes on balance ability. Participants wore laboratory-provided shoes with two conditions
that fit their sizes to perform the experiments. These two conditions of the shoes were the
same for all the participants. A schematic diagram of the worn shoe with lateral attrition
heel (LHWS) is shown in Figure 1. As for the degradation severity of shoes, it might be a
little different for individuals due to the walking pattern and wearing time. The severity
of the worn shoes was defined by the worn length, worn width, and worn thickness, as
was adopted by a previous study [33]. A previous study recruited seventy-six subjects
to perform shoe abrasion tests with a 14-week training [32]. The results indicated that
the maximum worn volume was almost 9 cm3 in the posterolateral heel and that the
maximum progression angle was over 10 degrees. Therefore, the current study adopted
the measurements of the worn parts to indicate the severity of the worn shoes. As can
be seen in the schematic diagram of the worn shoes shown in Figure 1, the worn severity
was quantified by the maximum length, which is 70 mm in the anterior–posterior (A/P)
direction, the maximum width, which is 65 mm in the medial–lateral (M/L) direction, and
the maximum height, which is 12 mm in the vertical direction. All participants performed
the test in shoes with equal severity of wear to examine the immediate effects of LHWS.
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2.3. Single-Leg Drop Jump Landing Protocol

The single-leg drop jump landing test is usually used to examine balance impair-
ments [34]. Participants were instructed to jump from a platform with a 15 cm height
and land with the involved leg on a force platform, which is illustrated in Figure 2. The
participant stood on the platform with the single involved leg. Upon hearing a verbal
commencing order, the participant jumped on the force platform, landing with the involved
leg. The participant were required to maintain balance as quickly as possible while their
hands were on their hips. Failed trials were confirmed when the participant stood on the
edge or out of the force platform. The trial was also excluded when the uninvolved leg
touched the ground or hopped on the force platform. An entirely successful trial required
the participant to keep balance with the involved leg for 20 s. Before the formal tests, all
participants warmed up to adapt to the two-condition shoes and were instructed to conduct
several pretests. During the interval of the test, sufficient rest of approximately 30 s [35] was
provided for the participant in case fatigue influenced the result. The participant performed
the experiment with different-condition shoes in random order. Three successful trials were
required for each participant with these two footwear conditions.
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Figure 2. Schematic illustration of single-leg drop jump landing.

2.4. Experiments Setup and Data Collection

A motion capture system with eight cameras (Vicon, Oxford Metrics Ltd., Oxford,
UK) was used to record marker trajectories at a sampling frequency of 250 Hz, and one
force platform was used to collect GRF at a sampling frequency of 1000 Hz (OR6, AMTI,
Watertown, MA, USA) simultaneously. The Plug-in-Gait full-body human model in the
Vicon was adopted to capture the trial data. Reflective markers were attached to the
anatomical locations, and anthropometric parameters were measured for all participants.
A total of 39 reflective markers for the Plug-in-Gait full-body human model were attached
to the bone landmarks: front head over the temples, back head in a horizontal plane of the
front head markers, 7th cervical vertebrae, 10th thoracic vertebrae, clavicle, sternum, right
back, shoulder, arm, elbow, forearm, wrist, finger, anterior/posterior iliac spine, lateral
femoral epicondyles, thigh, tibial, lateral ankle, toe, and heel [36].
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A static calibration trial was conducted primarily, and single-leg drop jump landing
trials were conducted subsequently. Three successful trials were recorded in the current
study. The three-dimension marker trajectory data were filtered using a 4th-order Butter-
worth filter with a cut-off frequency of 7 Hz. The collected data of each participant were
used to calculate COM.

2.5. Data Reduction and Outcome Measures

Python 2.7 (Python Software Foundation, Beaverton, OR, USA) was used to perform
data analysis. All GRF and COP data were filtered at 12 Hz with a bidirectional second-
order Butterworth filter [37]. Then, a sequential averaging method was applied to calculate
the time to stabilization for ground reaction forces (TTSG) as shown in Figure 3. The
method calculated the cumulative average of all former data for each time point [17,20].
The threshold (as the dashed lines in Figure 3) was set to be the overall series mean ± 0.25
standard deviation (SD), which indicates a stable condition. TTSG was determined by the
intersection of the sequential average line and the threshold, which is indicated in Figure 3.
The static phase of the single-leg drop jump landing test was cropped from TTSG for all
directions to the end of 20 s post impact, which excluded the dynamic phase. Outcome
measures derived from COP were discriminative to assess static balance stability [38]. COP
sway [39] was defined as the mean absolute distance between the instantaneous COP
position and the average COP position during the static phase. COP SD [31] was defined
as the overall SD of COP in a given direction during the static phase.

Int. J. Environ. Res. Public Health 2023, 20, x  6 of 12 
 

 

position and the average COP position during the static phase. COP SD [31] was defined 
as the overall SD of COP in a given direction during the static phase.  

 
Figure 3. TTSG in three directions for single-leg jump trials for NS and LHWS. GRF: ground reaction 
force, TTSG: time to stabilization for ground reaction forces, TTSC: time to stabilization for the cen-
ter of mass, NS: new shoes, LHWS: worn shoes with lateral attrition heel; SD: standard deviation, 
A/P: anteroposterior, M/L: mediolateral, BW: body weight. 

The single-leg drop jump landing test was a transition procedure from the dynamic 
to the static phase. Outcome measures derived from force plates were unable to evaluate 
postural balance. As a result, trajectories of COM were adopted to evaluate the postural 
balance ability. After the initial heel contact following the drop jump, participants are re-
quired to restore stability as soon as possible, which altered the COM sway within a small 
range as represented in the black solid line in Figure 4. After the participants obtained 
postural stability, the instantaneous speed fluctuated within a small range as shown in 
Figure 4. In order to evaluate the ability of postural control, we calculated the TTS for 
COM speed. An interpretation diagram for the COM speed for a single trial is shown in 
Figure 4. We used the same threshold algorithm with TTS for GRF to determine the stabi-
lization time for the COM. TTS has been proposed to be a discriminative method to detect 
stability for GRF [25,40,41]. In the current study, we applied this method to the COM 
speed due to a similar perturbation pattern. Both the GRF and COM speed presented a 
sudden decrease in the amplitude following the single-leg drop jump, and when stability 
was obtained, values fluctuated within a certain range The sequential averaging method 
was also applied to calculate the time to stabilization for the center of mass (TTSC). The 
threshold for postural stability was defined as the overall series mean ± 0.25 SD of COM 
sway velocity. Postural stability was confirmed when the sequential average sway veloc-
ity intersected with the threshold.  
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force, TTSG: time to stabilization for ground reaction forces, TTSC: time to stabilization for the
center of mass, NS: new shoes, LHWS: worn shoes with lateral attrition heel; SD: standard deviation,
A/P: anteroposterior, M/L: mediolateral, BW: body weight.
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The single-leg drop jump landing test was a transition procedure from the dynamic
to the static phase. Outcome measures derived from force plates were unable to evaluate
postural balance. As a result, trajectories of COM were adopted to evaluate the postural
balance ability. After the initial heel contact following the drop jump, participants are
required to restore stability as soon as possible, which altered the COM sway within a small
range as represented in the black solid line in Figure 4. After the participants obtained
postural stability, the instantaneous speed fluctuated within a small range as shown in
Figure 4. In order to evaluate the ability of postural control, we calculated the TTS for
COM speed. An interpretation diagram for the COM speed for a single trial is shown
in Figure 4. We used the same threshold algorithm with TTS for GRF to determine the
stabilization time for the COM. TTS has been proposed to be a discriminative method to
detect stability for GRF [25,40,41]. In the current study, we applied this method to the COM
speed due to a similar perturbation pattern. Both the GRF and COM speed presented a
sudden decrease in the amplitude following the single-leg drop jump, and when stability
was obtained, values fluctuated within a certain range The sequential averaging method
was also applied to calculate the time to stabilization for the center of mass (TTSC). The
threshold for postural stability was defined as the overall series mean ± 0.25 SD of COM
sway velocity. Postural stability was confirmed when the sequential average sway velocity
intersected with the threshold.
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2.6. Statistical Analysis

The statistical analysis was performed using SPSS (Version 22.0, IBM, Chicago, IL,
USA). The mean outcome variables of three trials were calculated for each participant.
Normal distribution was verified using the Shapiro–Wilk test with a significance level
of 0.05. TTSG and TTSC in three directions and outcome variables derived from COP were
tested for significance using paired t-tests with a significance level of 0.05 between the
two conditions. Post hoc analyses were conducted to adjust p-values using the Bonferroni
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adjustment for TTSC and TTSG. Moreover, the effect size was represented with Cohen’s d,
where 0.2 represents a small effect, 0.5 is a medium effect, and 0.8 reveals a large effect [42].

3. Results

Details of TTSG in three directions are reported in Table 1. TTSG in the A/P and
vertical directions showed no significant differences between the NS group and the LHWS
group. TTSG in the M/L direction in the LHWS group revealed a significant increase
(p = 0.001, Cohen’s d = 0.970) compared to the NS group. With TTSG, the trial was divided
into a dynamic phase and a static phase. Outcome measures of COP were calculated to
determine the effects of the LHWS. For the static phase after TTSG, no group differences
were found in maximum COP sway, mean COP sway, and COP SD, which were derived
from COP for both the A/P and M/L directions in terms of the outcome measures derived
from COP between the two conditions as shown in Table 2. TTSC derived from the COM
of the two conditions is displayed in Table 3. The significant effect of TTSC showed similar
results to TTSG between the two conditions. Only TTSC in the M/L direction revealed
a slight significance (p = 0.016, Cohen’s d = 0.654) in the LHWS group when compared
to the NS group. No significant differences were found in TTSC in the M/L and vertical
directions between the two groups.

Table 1. Time to stabilization for ground reaction force(s).

Force Plate NS
Mean (SD)

LHWS
Mean (SD) p-Values Cohen’s d

TTSG in A/P 2.939 (0.199) 2.974 (0.118) 0.409 0.206
TTSG in M/L 2.734 (0.232) 2.892 (0.248) 0.001 1 0.970
Vertical TTSG 2.128 (0.257) 2.055 (0.298) 0.133 0.384

1 Significant difference at p-value < 0.05 when the LHWS group was compared with the NS group. Cohen’s
d: 0.2 = small effect, 0.5 = medium effect, ≥0.8 = large effect. SD: standard deviation, A/P: anteroposterior,
M/L: mediolateral, TTSG: time to stabilization for ground reaction forces, NS: new shoes, LHWS: worn shoes
with lateral attrition heel.

Table 2. Outcome measures derived from the center of pressure.

Outcome Measures NS
Mean (SD)

LHWS
Mean (SD) p-Values Cohen’s d

Maximum COP sway in
A/P (mm) 71.015 (15.641) 74.173 (17.403) 0.404 0.208

Maximum COP sway in
M/L (mm) 46.422 (17.738) 40.400 (18.373) 0.217 0.312

Mean COP sway in
A/P (mm) 13.371 (3.424) 12.806 (2.938) 0.341 0.238

Mean COP sway in
M/L (mm) 8.020 (1.853) 7.991 (1.374) 0.951 0.015

COP SD in A/P (mm) 18.220 (3.563) 17.487 (3.174) 0.476 0.177
COP SD in M/L (mm) 9.868 (2.074) 9.797 (1.557) 0.890 0.034

Cohen’s d: 0.2 = small effect, 0.5 = medium effect, ≥0.8 = large effect. COP: center of pressure, SD: standard
deviation, A/P: anteroposterior, M/L: mediolateral, NS: new shoes, LHWS: worn shoes with lateral attrition heel.

Table 3. Time to stabilization for the center of mass (s).

Outcome Measures NS
Mean (SD)

LHWS
Mean (SD) p-Values Cohen’s d

A/P TTSC 2.634 (0.389) 2.777 (0.314) 0.354 0.232
M/L TTSC 2.816 (0.705) 3.225 (0.550) 0.016 1 0.654

Vertical TTSC 1.359 (0.529) 1.682 (1.244) 0.303 0.258
1 Significant difference at p-value < 0.05 when the LHWS group was compared with the NS. Cohen’s d: 0.2 = small
effect, 0.5 = medium effect, ≥0.8 = large effect. SD: standard deviation, A/P: anteroposterior, M/L: mediolateral,
TTSC: time to stabilization for the center of mass, NS: new shoes, LHWS: worn shoes with lateral attrition heel.
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4. Discussion and Implications

The aim of this study was to examine the effects of LHWS on balance control ability
and postural stability through single-leg drop jump landing tests. TTSG in three directions
of GRF was calculated to quantify balance control ability using the sequential averag-
ing method. In the M/L direction, a significant increase in TTSG was observed in the
LHWS group when compared to the NS group. The outcome variables derived from COP
showed no significant differences in the static phase in each direction. Additionally, TTSC
was calculated to quantify postural control ability. Similarly, TTSC in the M/L direction
was also significantly prolonged, and no significant changes were observed in the other
two directions.

The dynamic balance ability was assessed using measures of the force plate. Greater
TTSG indicated impaired balance control ability [31]. TTSG in this study might be a
little shorter than that in some previous studies [40], which could be caused by the lower
height of the jump. In the M/L direction, TTSG increased significantly in the LHWS
group. The increase indicated that participants need more time to recover their balance.
LHWS was characterized by lateral heel degradation. The mediolateral asymmetry in
the heel contributed to the larger changes in the GRF in the M/L direction. In contrast,
TTSG in the A/P and vertical directions had limited changes. The worn region might
account for the results as the worn part in the heel only occupied a small proportion in
the A/P direction, which provided participants more space for posture regulation. On the
other hand, the worn region in the M/L direction occupied a greater proportion, which
resulted in less contact area for the foot [43]. A narrow support base would result in
instability, which is interpreted as an increase in M/L TTSG. Furthermore, a previous
study proposed that a longer TTSG has the potential to increase the risk of some injuries,
such as anterior cruciate ligament injuries in collegiate athletes [44]. Worn shoes were
also indicated to increase stance time and adapt kinematics [2]. Individuals with worn
shoes might alter their normal patterns to regulate constant external loads. The longer
TTSG in the LHWS group could be interpreted as more time being required to restore
dynamic balance from perturbation. A significant increase in TTSG for the LHWS group
was proposed to induce ankle instability [15]. Additionally, longer TTSG might reveal
impairments in neuromuscular control and balance [20], which was proposed to be a risk
of falling [25].

There were no significant differences in the static phase between the two groups based
on the analysis of the outcome measures derived from the COP. The results indicated that
worn outsoles did not affect balance control ability after the restoration of balance from
the dynamic phase. With respect to the quantification of balance maintenance during the
static phase, Fransz et al. [45] set the start of the static phase at 5 s post impact to evaluate
balance. However, not all TTSG were less than 5 s [20], which might lead to misleading
results. Consequently, the static phase was cropped from the TTSG to the end for each trial
in the current study. Though body perturbation existed during the static phase, balance
could be maintained through muscular strength. Additionally, the worn position focused
on the lateral heel in this study. The COP might not lie in the worn region during the static
phase, which could also account for the results.

Outcome measures of GRF had deficiencies in the evaluation of postural balance that
has high correlations with falls [46]. As a result, COM was used to assess the effects of
LHWS on posture balance. Trajectories of COM possessed perturbation without absolute
balance during single-legged standing. The variation range of COM trajectories in three
directions remained fluctuated and thus could not determine the state when the dynamic
phase transitioned to the static phase. Consequently, the COM velocity was calculated to
determine the balance condition since the velocity would reach a small range of vibration
around 0 after obtaining the postural control ability. The sequential averaging method was
applied to COM velocities to calculate the time to stability for the COM (TTSC), which
determined the postural control ability. Similarly, TTSC in the M/L direction showed a
significant increase of 14.5% in the LHWS group when compared to the NS group. Lateral
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heel degradation impaired the support base, which led to a narrow support base. A
narrow support base was highly related to weak frontal balance control, which made it
difficult to maintain the COM within the support base [47]. The longer TTSC in the M/L
direction could be interpreted as shoe degradation in the lateral heel narrowing the support
base, which weakened the ability to achieve postural balance control and increased lateral
fall possibilities.

Both the TTSG and TTSC in the M/L direction increased significantly in the LHWS
group, which implied that balance control ability and postural control ability were weak-
ened in the M/L direction in the LHWS group. Consequently, it can be predicted that
footwear with a lateral worn heel would increase balance risks in the M/L direction. Shoe
degradation is inevitable over wearing time. In daily life, people usually neglect the
degradation of footwear when they perform physical activities. However, LHWS could
increase the instability of the wearer, based on the results of this study. The restoration time
from oscillation during physical activities would increase for wearers with LHWS, which
increases the possibility of fall risk.

Some limitations in the study need to be mentioned. The sample size might not be
large enough to consider the population variances. Although the participants practiced
a few times under instructions before formal experiments, jump protocols might not
be followed strictly for each trial. Considering the instability risk, only a 15 cm height
platform was adopted to perform the jump tests. Another limitation might be the age of the
participants. This study recruited young healthy adults. Therefore, the results might not be
applied to older participants. The degradation of footwear might present different patterns,
such as medial abrasion, lateral abrasion, and central abrasion. This study only adopted
the most common pattern, which is the lateral heel abrasion, to discuss. Additionally,
the interaction between worn shoes and individuals is a long-term mutual adaptation.
In the current study, participants wore lab-provided shoes. We only investigated the
immediate effects of worn shoes on balance. Therefore, the generalization of the current
results should be noted. Future studies could focus on other worn patterns with the same
experimental protocol. Nevertheless, the investigation revealed an implication that worn
shoes predispose individuals to fall risks and other instability problems.

5. Conclusions

Lateral-heel-attrition shoes had significant effects on balance control ability in the
M/L direction. Both TTSG and TTSC increased in the LHWS group, which indicated
that LHWS may lead to unstable injuries in the M/L direction. However, no significant
differences between the LHWS group and NS group were observed in the other two
directions. After the dynamic phase, LHWS had no effects on balance ability during the
static phase according to the analyses of outcome measures of COP. Shoe degradation
has the potential to increase injury risk. The results could also have implications for the
evaluation of footwear.
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