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W N e

Abstract: (1) Background: The purpose of this study was to investigate the effects of a rounded
heel shoe (RHS) and rounded lateral heel shoe (RLHS) on impact and lower extremity stability as
well as their relationships with comfort during running. (2) Methods: Twenty healthy male adults
participated in the study. The data were collected using eight infrared cameras while participants
were running at a speed of 2.7 m/s in three shoe conditions on an instrumented treadmill. (3) Results:
The peak vertical ground reaction force (PVGRF) was statistically smaller for the RHS and RLHS
compared with the normal shoes (NS) (p < 0.05). The range of motion of inversion—eversion at the
ankle joint was statistically smaller for the RLHS compared with the NS and RHS (p < 0.05). Increased
dorsiflexion of the ankle joint at heel contact was negatively related to the comfort of a running shoe,
and increased dorsi-plantarflexion ROM was positively related to comfort. (4) Conclusions: Based
on these results, a curved heel shape of a running shoe may provide a positive influence on the
biomechanical function and the comfort of running shoes. Future study, including measurements
of lower extremity muscle activations and long-term comfort, would be beneficial to help validate
current findings and develop further applications.

Keywords: rounded heel shoe; impact variables; joint angles; comfort; running

1. Introduction

In running, impact is absorbed through ankle joint eversion with dorsi-flexion from
when the heel contacts the ground until mid-stance [1]. It has also been suggested that
excessive eversion of the foot may induce limb injury during running [2—4]. Thus, a strategy
to reduce impact and maintain lower extremity joint stability is necessary to reduce injury
risk factors and run efficiently [5,6].

Shoes play an important role in protecting the foot and lower extremity joints [7].
Shoes not only absorb impact upon the foot’s contact with the ground during various
physical activities that include running but offer stability [7]. Therefore, the materials and
structures of shoes are crucial factors that directly affect a human body’s motion. Many
previous footwear studies have examined the effect of changes in the hardness of the sole
on impact and ground reaction force (GRF) variables, such as loading rate and planter
pressure, as well as the ankle joint range of motion during running [8-15]. Other studies
investigated changes in motion and impact with changes in other material properties of a
shoe related to a shoe’s thickness, elasticity and bending stiffness during running [8,16,17].

While previous studies have mainly examined the effect of a shoe’s material char-
acteristics, only a few studies have investigated the influence of a shoe’s structure and
shape. For example, an earlier study investigated the effects of the flare at the heel of
a shoe on ankle joint eversion and impact in running [18]. Recently, the biomechanical
function of a rounded heel in badminton shoes has been investigated, and results showed
that the vertical loading rate (VLR) was smaller with a rounded heel shoe (RHS) than other
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types of shoes during a lunge motion. Therefore, it was reported that an RHS would be
effective in reducing the impact on the human body during the lunge motion in badminton.
These findings suggest that an RHS may lead to a reduced impact in running, and the
changes in the structure and shape of the heel are required to reduce excessive eversion
and improve the stability of the ankle joint [19]. Several previous studies have speculated
that heel shape would alter lower extremity biomechanics (i.e., cushioning and motion
control) and comfort perception during running [18,20]. Therefore, a shoe manufactured
with a curved heel is expected to have a positive effect on the reduction of impact as well
as lower extremity stability in running.

In addition to evaluating how running shoes affect biomechanical factors, the per-
ception of comfort is also an important factor [21]. It has been reported that overall
comfort increases as loading rate decreases and the total pressure to the sole is evenly
distributed [22]. Therefore, it is necessary to investigate the relevance of a shoe’s subjective
comfort, and examining biomechanical factors that have a positive effect on the comfort of
a shoe can provide meaningful information.

The purpose of this study was to examine the effects of a curved heel shape of a
running shoe (i.e., a rounded heel shoe (RHS) and rounded lateral heel shoe (RLHS)) on
impact and lower extremity stability as well as relationships with comfort during running.
The hypotheses of this study were as follows: first, a running shoe with a curved heel
shape (RHS and RLHS) would reduce the peak vertical ground reaction force (PVGRF) and
the vertical loading rate (VLR) during the stance phase, second, the RLHS would reduce
the maximum eversion angle compared with the RHS and NS. In addition, changes in
biomechanical variables would be closely related to shoe comfort.

2. Materials and Methods
2.1. Participants

Twenty healthy adult males (age: 23.6 & 2.9 years, body mass: 71.0 £ 8.7 kg, and
height: 175.8 £ 5.0 cm) wearing US size 9 footwear were selected as the subjects of this
study. This study was approved by the University’s IRB (IRB Project No.: 1263-201706-HR-
007-01). All the subjects who participated in this study provided written consent before
the test.

2.2. Procedure

The subjects participated in the experiment by wearing shoes in a randomized order,
and the selection of the shoes was blinded during the experiment. Each subject had a
5-10 min adaptation period to perform natural running on a treadmill (Instrumented
Treadmill, Bertec, Columbus, OH, USA). Subsequently, 15 reflective markers (left and right
posterior superior iliac spine, sacrum, left and right greater trochanter, right medial femoral
condyle, right lateral femoral condyle, right medial malleolus, right lateral malleolus, right
heel bone, right medial talus, right lateral calcaneus, right first metatarsal head, right fifth
metatarsal head and right first phalanges) were attached to the lower extremity of each
subject. Each subject ran at a speed of 2.7 m/s on the treadmill where eight infrared cameras
(Oqus 300, Qualisys, Goteborg, Sweden) were installed (Figure 1) [23]. Ten consecutive
strides showing a consistent running pattern were collected and analyzed. The data were
collected at a sampling rate of 100 Hz for kinematic data and 1000 Hz for kinetic data.

2.3. Characteristics of the Shoes

The normal shoes (NS) utilized were commercially available (Figure 2, left). The
RHS was a modified NS with a curved shape 5 mm higher than the NS in the central
heel (Figure 2, middle). The RLHS had a curved shape of about 15° laterally, and it was
manufactured 3 mm higher (Figure 2, right) compared with the NS. The shoes used in
this study were manufactured and provided by the same manufacturer (LS Networks,
Gimhae-si, Korea) to keep the shoe materials and structures the same except for the differ-
ences in the curved shape of the outsole. These modifications in heel design were based
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on biomechanical considerations regarding heel contact during running (i.e., sagittal heel
strike [20,24] and toe out angles [25-27] as well as the location of impact [28]).

Figure 1. Experimental setting showing a participant running at 2.7 m/s on an instrumented
treadmill.

Normal shoe (NS) inded heel'shoe (RH: Rounded lateral heel shoe (RLHS)
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Figure 2. Rear view of the outsole of running shoes.

2.4. Data Processing

Ankle joint angles were analyzed with Qualisys Track Manager software (Qualisys,
Goteborg, Sweden) and Matlab R2009b software (The Mathworks, Natick, MA, USA), and
they were obtained through the conversion of the reflective markers’ coordinate values
into 3D coordinate values using the non-linear transformation (NLT) method. Smoothing
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was conducted for the kinematic data and GRF data with a Butterworth fourth-order
low-pass filter to remove noise during data collection, with the cut-off frequencies being
set to 6 Hz and 50 Hz, respectively. The cut-off frequency was determined using a Fast
Fourier Transform (FFT) analysis, calculating the Power Spectral Density (PSD) of the
signals, which was converted into frequency, and then regarding 99.9% of the accumulated
PSD as representative characteristics of each signal [29].

2.5. Analysis Variables

When PVGRF in running was observed (i.e., landing or absorbing phase), VLR was
calculated by dividing the PVGRF by the time of its occurrence. Furthermore, the GRF
data were normalized by body weight (BW) [30,31]. Three-dimensional Euler ankle joint
angles during running were calculated relative to a neutral standing position [29,30,32,33].
The angle definitions were as follows: x axis rotation represented dorsiflexion (+) and
plantarflexion (—), and y axis rotation represented inversion (+) and eversion (—). Joint mo-
ments were calculated by the inverse dynamics method and normalized by each subject’s
mass (i.e., unit: Nm/kg). For comfort testing, a visual analogue scale (VAS) question-
naire was completed after the subjects wore each shoe and performed light running for 1
km [34-36]. The questions regarded rear foot cushioning and overall comfort.

2.6. Statistical Processing

To examine the differences between shoes with different heel shapes, a repeated
measure one-way ANOVA was performed, and the least square difference (LSD) method
was used for post-hoc analysis. To investigate the effects of biomechanical factors on the
comfort perception of running shoes, a multiple regression analysis was performed. The
variance Inflation Factor (VIF), which indicates multicollinearity between the independent
variables, was calculated. The VIF serves as an index to judge multicollinearity, which is
a precondition for the multiple regression analysis. A VIF index exceeding 4.0 implies a
problem in multicollinearity. When a problem occurred, variables were removed from the
highest independent variables in terms of VIF until all independent variables” VIF values
were 4.0 or less [37]. SPSS Ver. 18.0 software (IBM, Armonk, NY, USA) was used, and
significance was set at an alpha level of 0.05.

3. Results
3.1. Impact Variables

PVGRFs of NS, RHS and RLHS were 1.61 4= 0.26 BW, 1.47 4= 0.08 BW, and 1.43 =+ 0.09 BW,
respectively (Figure 3, Table A1). There were significant differences between the shoes,
F =5.193 (p = 0.010), the effect size was 17p2 = 0.147, and the statistical power was = 0.589
with the PVGREF of both RHS and RLHS being statistically smaller than NS (p < 0.05).

3.2. Ankle Joint Biomechanics

Concerning the ankle joint inversion angle at toe-off, the value for NS was 4.0 &= 4.5°,
for RHS was 3.2 = 3.9° and for RLHS was 2.3 + 3.7° (Figure 4, Table A2, Figure Al.). There
were significant differences between the shoes: F = 4.305 (p = 0.021), the effect size was
11p>=0.185 and the statistical power was 0.715. The inversion angle of the RLHS at toe-off
was statistically smaller than for the NS and RHS (p < 0.05). As for inversion—eversion
ROM during running, NS was 12.1 4= 4.3°, RHS was 11.5 4= 4.3° and RLHS was 10.5 £ 3.8°.
There were significant differences between the shoes: F = 5.041 (p = 0.011), the effect size
was 77,%= 0.210 and the statistical power was 0.785. The inversion—eversion ROM of the
RLHS was smaller than for the NS and RHS (p < 0.05). There were no significant differences
in ankle joint moments between the shoes (Figure A2).
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Figure 3. PVGREF (left) and VLR (right) during the stance phase of running. PVGREF: peak vertical ground reaction force,

VLR: vertical loading rate,

NS: normal shoe, RHS: rounded heel shoe, RLHS rounded lateral heel shoe. * indicates a

significant difference between the shoes at « = 0.05.

Inversion angle (deg) ROM of inversion / eversion (deg)

45 3 13
40 *

12
3.5

T T

3.0

11
o
20 mm .,

NS RHS RLHS

RHS RLHS

Figure 4. Inversion at toe off (left) and ROM of inversion-eversion during the stance phase of running (right). * indicates a

significant difference between the shoes at « = 0.05.

3.3. Shoe Comfort

None of the subjective ratings showed statistically significant differences between the
shoes (Table A3).

3.4. Multiple Regression Analysis

Figure 5 and Table A4 show the results of the multiple regression analysis for shoe
comfort using the biomechanics variables. The coefficient of determination indicating
the explanation power, with an R2 of 0.277, and Durbin-Watson value of 1.437, as well
as a statistically significant model fit, was shown at F (6, 53) = 3.387, p = 0.007. The
estimated multiple regression equation was as follows: running shoe comfort = —1.074
x (VLR) — 1.740 x (dorsiflexion angle at HC) + 1.021 x (ROM of dorsi-plantarflexion) +
0.179 x (inversion angle at HC) — 0.169 x (maximum eversion angle) — 1.007 x (ROM
of inversion—eversion) + 114.619. The dorsiflexion angle at HC (8 = —0.382, t = —3.102,
p = 0.003) had a statistically significant negative effect on running shoe comfort. The ROM
of dorsi-plantarflexion (3 = 0.271, t = —2.138, p = 0.037) had a statistically significant positive
effect on running shoe comfort.
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Figure 5. Diagram of multiple regression analysis for running shoe comfort using biomechanical factors. * indicates a

significant difference between the shoes at « = 0.05.

4. Discussion

This study aimed to investigate the effect of running shoe heel shape (RHS and
RLHS) on impact variables, ankle joint biomechanics and shoe comfort and to analyze
the contributions of biomechanical variables to shoe comfort using multiple regression
analysis. This study was performed on runners who ran at the same speed and heel strike
pattern in the three shoes, as foot strike pattern and running speed may affect running
mechanics [38,39].

The first hypothesis—i.e., that a running shoe with a curved heel shape would reduce
the magnitude of impact variables (i.e., PVGRF and VLR) during running—was partially
accepted. No differences in VLR, which may be related to injury during running [31],
were shown between the shoes. However, the PVGRF of the RHS and RLHS was smaller
than that of the NS. Small reductions of impact may be beneficial to reduce the risk of
running injuries, especially when repetitive high loads are more pronounced, such as in
long distance running [40].

The second hypothesis—that the RLHS would reduce the maximum eversion angle—
was not supported. The RLHS showed a smaller inversion-eversion ROM due to a smaller
inversion angle at toe-off compared with the NS and RHS. A study has suggested that a
certain level of eversion or pronation of the foot is required during running to dampen
the impact shock at heel contact [31]. In addition, it has been reported that excessive
eversion (i.e., greater than an eversion ROM of 15°) of the foot may cause discomfort and
pain followed by lower extremity joint injuries in running [18,41,42]. Therefore, footwear
manufacturing companies have focused on the reduction of excessive foot eversion using
alterations of the shoe structure and material (i.e., heel design, heel material and hardness
of the midsole), but the findings are still controversial in current studies [31]. In this study,
the maximum eversion angle between the shoes did not exhibit any difference. The current
finding is in accordance with the result of a previous study, in which shoes with changes in
the heel flare at the side of heel had no effect on the maximum eversion during the stance
phase [18].

Shoe comfort is an important factor influencing running performance as well as the
incidence of lower extremity joint injury in runners [43,44]. Considering the biomechanical
factors that had a positive correlation with the overall comfort of running shoes, the
independent variables representing a statistically significant explanation power were
dorsiflexion angle at heel contact and dorsi-plantar flexion ROM. In particular, excessive
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dorsiflexion angle at heel contact has been shown to have a negative effect on the comfort
of running shoes, but an increase of dorsi-plantar flexion ROM has been shown to have a
positive effect on the comfort of running shoes. Based on these results, it is believed that
the proper use of rounded heel shoes, considering the natural movement [45] of dorsi-
plantar flexion, can help improve comfort and performance during running. Further study
including more detailed information about foot kinematics and kinetics (i.e., trajectory
of the center of pressure and movement coupling of the ankle joint complex) would be
warranted to understand the underlying mechanism, as this would be closely related to
comfort as well as running performance.

Some limitations need to be mentioned for a proper interpretation of the findings
and to obtain insights into the direction of future studies. As running was performed at a
slow speed of 2.7 m/s, it is not clear how running shoes with rounded heels may affect
running biomechanics at higher running speeds. A further study would be required to
examine running motions at faster speeds to investigate the functions of a rounded heel
during these higher loading conditions. Furthermore, shoe comfort was tested during a
short time period. It is important to test perceived comfort for longer periods of time and
also monitor the changes in muscle activation patterns around the ankle joint to better
understand the relationship between comfort and running efficiency [43]. On the other
hand, depending on the shape and materials of running shoe models, natural abrasion may
result in a rounding of the lateral heel to a small extent during extended wear. However,
long-term use (i.e., shoe age or mileage) may decrease the functions of impact attenuation
and stability because of the degradation of shoe material compared with new shoes with
an originally curved heel shape [46,47].

5. Conclusions

In summary, this study aimed to investigate the effects of a rounded heel running shoe
on impact and lower extremity biomechanics as well as their relationship with comfort
during running. Based on the findings, it is concluded that the heel’s curved shape showed
a positive effect on the reduction of impact magnitude during running. Furthermore, the
regression analysis suggests that shoe comfort is closely related to ankle kinematics in
the sagittal plane. Therefore, in the development of a running shoe, dorsiflexion at heel
contact and dorsi-plantarflexion ROM may be important to consider with respect to shoe
comfort. Future study, including the measurements of lower extremity muscle activations
and long-term comfort, would be beneficial to help validate current findings and develop
further applications.
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Appendix A

Table Al. Descriptive information for impact variables during the stance phase of running.

Variables NS 2 RHS b RLHS © F p Post-hoc ~ LifectSize  Statistical
(1) Power
PXS%F 161+£026 1474008 143 +0.09 5.193 0.010 * bc<a 0.147 0.589
VLR 21154290 20534290 2160217  0.674 0.515 - 0.037 0.164
(BW/s)

a; NS, P: RHS, ¢: RLHS, PVGRF: peak vertical ground reaction force, VLR: vertical loading rate. * indicates significant difference between
the shoes at « = 0.05.

Table A2. Descriptive information for ankle joint angle during the stance phase of running.

i . Effect Size isti

Ankle (J]‘D"e‘;) Angle Variables NS? RHS RLHS ¢ F P Post-hoc 1 o Statistical
(+) Dorsiflexion Heel contact 31+36 28 +34 32+33 0.287 0.752 - 0.015 0.092
(=) Plantarflexion Toe off —22.7+3.8 —22.7+3.8 —228+43 0.015 0.985 - 0.001 0.052
Range of motion 289442 287+ 4.0 292443 0.566 0.573 - 0.029 0.137
Heel contact —0.7+£25 —08+24 —07+21 0.159 0.854 - 0.008 0.073
(+) Inversion Toe off 40+45 32+39 23+£37 4.305 0.021 * c<ab 0.185 0.715
(—) Eversion Maximum eversion —77+28 —79+25 —75+2.6 0.460 0.635 - 0.024 0.120
Range of motion 121 +£43 11.5+43 10.5£3.8 5.041 0.011* c<ab 0.210 0.785

a; NS, b: RHS, ¢: RLHS, * indicates significant difference between the shoes at o« = 0.05.

Table A3. Descriptive information of comfort test.

Questions NS? RHS? RLHS ¢ F p Post-hoc Eff ECt2Slze Statistical
(1) Power
Rear foot 570+ 149 597 +147 621+107  1.143 0.330 - 0.057 0.236
Cushioning
Overall comfort ~ 53.64+ 151 567 +16.6 5844149  0.609 0.549 : 0.031 0.144

a: NS, P: RHS, ¢: RLHS.

Table A4. Descriptive information of multiple regression analysis for shoe comfort using biomechanical factors.

Independent Variables Non-Standardized Coefficients Stanfia}rdlzed . p, VIF
B Standard Error Coefficients (B)

(constant) 114.619 36.481 3.142 0.003
VLR —1.074 0.975 —0.168 —1.102 0.276 1.705
Dorsiflexion angle at HC —1.740 0.561 —0.382 —3.102 0.003 * 1.114
ROM of dorsi-plantarflexion 1.021 0.477 0.271 2.138 0.037 * 1.176
Inversion angle at HC 0.179 1.154 0.027 0.155 0.877 2.171
Maximum eversion angle —0.169 1.133 —0.029 —0.149 0.882 2.679
ROM of inversion-eversion —1.007 0.528 —0.268 —1.908 0.062 1.450

R? =0.277, F (6, 53) = 3.387, p = 0.007, Durbin-Watson = 1.437

* indicates significant difference at « = 0.05.
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Figure A1. Comparison of ankle joint angles and moments between the shoes.
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