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Background: Uncertainty regarding an actual amount of the medial longitudinal
arch (MLA) collapse during running among the flexible flatfoot and normal foot
individuals has been existed. Additionally, it was unclear whether the alterations of
muscle activation and lower limb motion enhanced the MLA collapse in the flexible
flatfoot individuals.

Objective: This cross-sectional study aimed to compare the dynamic MLA collapse
during running between the flexible flatfoot and the normal foot individuals.
It also sought to investigate whether the greater MLA collapse in the flexible
flatfoot individuals was related to the alteration of kinematics, kinetics, and muscle
activation.

Materials and methods: Sixteen-volunteered males participated in this study.
Based on their static navicular drop test, they were assigned into either the flexible
flatfoot or the control groups totally 8 participants in each group. They performed
barefoot running at a speed of 3.5+0.25 m/s while the three-dimensional motion
of the lower body, electromyography and ground reaction force were recorded
synchronously. A subject-specific foot model was constructed from the additional
reflective markers attached on their feet to determine the maximal dynamic

navicular drop (ND, ) during the stance phase.

Results: The flexible flatfoot group had greater MLA collapse during midstance
and propulsion which coincided with greater hip and knee flexions, and ankle
dorsiflexion. The 95% CI of their ND,__ was in the ranges of 27.18 to 37.68
mm while that of the control group ranged between 20.71 mm and 27.82 mm.
The flexible flatfoot group had lesser activations of the hip, knee, and ankle
extensors to counteract the flexion moments. They also had larger ankle inversion
(p=0.04) without greater activation of peroneus longus.

Conclusion: Greater MLA collapse in the flexible flatfoot individuals at midstance
and propulsion was associated with greater hip and knee flexions, and ankle
dorsiflexion. It might be the consequence of the lower activation of their leg
extensors.

Introduction

Flexible flatfoot is a less rigid medial longitudinal
arch (MLA) which collapses from weight bearing and
recoils back after unloading.! The MLA is formed by the
calcaneus, talus, navicular, three cuneiform bones, and
the first, second, and third metatarsals. The role of MLA is
shock absorption which attenuates ground reaction forces
transferred to the lower limb.2* Malfunction of plantar
intrinsic and extrinsic foot muscles leads to unstable and
malalignment of MLA.* Reduction of the abductor hallucis
muscle activation from nerve blockage® and fatigue exercise
also resulted in MLA collapse.® Greater MLA collapse may
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lead to the exercise-induced leg pain’ and plantar fasciitis
in runners.®

Nevertheless, the evidence regarding the contribution
of muscle function to MLA collapse has been unclarified.
There was reported that runners with greater MLA collapse
and foot pronation have larger plantar intrinsic foot
muscle, the flexor digitorum brevis and flexor digitorum
longus.’However, the size of their peroneus longus (PL)**°
did not differ from that of normal foot runners. Hence,
it was likely that other factors besides foot muscle imbalance
or overactivation of PL relate to the MLA collapse during
running.

Abnormal motion of the proximal joint may enhance
the MLA collapse. Nevertheless, there were controversial
data!* from the difference in the study interventions
such as footwear condition,!* locomotion speed,**¢ foot
classification,’” and foot modelling.>!>* During walking,
the FFadolescents'*and adults'*had greater plantarflexion,
smaller dorsiflexion,**> and eversion!? of the tibiotalar
joint. In contrast, the low, compared to the high, MLA
runners exhibited greater ankle dorsiflexion'® and knee
flexion?® without the difference in rearfoot eversion during
barefoot running. Moreover, the similar static pronated
feet presented different dynamic arch heights at the stance
phase.l”®

Therefore, this study aimed to determine the amount
of MLA collapse that occurred during running in the flexible
flatfoot and normal foot individuals. Moreover, it also
investigated whether the difference in this dynamic MLA
collapse between groups was related to the alteration of
kinematics, kinetics, and muscle activation.

In this study, the MLA collapse was determined from
the navicular height relative to the plantar surface of foot
during the stance phase of running using the subject-
specific foot model. The difference between groups was
analyzed across the entire stance phase of running using
Statistical Parametric Mapping. We hypothesized that
the flexible flatfoot individuals had greater dynamics
MLA collapse compared to normal foot individuals.
Furthermore, the alteration of the lower limb motion and
muscle activation related to the difference in dynamics
MLA collapse between groups.

Materials and methods
Participants

Based on the peak hindfoot inversion from walking
trials of flat and normal foot individuals,*? the effect size
of 1.94 and 95% power to detect the difference between
group at 0.05 alpha level, the sample size of each group
should be at least 7 (G*power 3.1.9.7).% Totally 16 male
volunteers, aged 18-22 years to account for the foot
growth, participated in the study. Inclusion criteria were
(1) the right foot dominant and (2) engaging in 10 km
running or less, 2-3 times per week for at least 1 year.
Exclusion criteria were having (1) any lower extremity
injuries or neurological conditions within 6 months prior
to the study and (2) leg length discrepancy greater than
10 mm. They were allocated to either the flexible flatfoot

(FF) or the control (CON) groups based on their static
navicular drop (ND,). ND, was the difference in navicular
heights measured in sitting and standing positions on
the first visit for group allocation. The most prominent
part of navicular tuberosity was marked by a trained
researcher and used for the navicular height and ND,
evaluations. The test-retest intraclass correlation, ICC
[3, 1], from the repeated ND, equaled 0.895 and its 95%
Cl was in the range of 0.780-0.955. The standard error of
the measurements was 1.15 mm.

ND, of young adults (24.13+3.41 years of age)
with low MLA (ND>10) had an excellent correlation with
the foot posture index-6, the clinical assessment for foot
posture, at 0.818 (Pearson’s product moment correlation
coefficient, r).?° The test-retest intraclass correlation (ICC)
of ND, was reported in the range of 0.950-0.955.° ND, of
the middle-aged adults (42.7+7.3 yrs) also had moderate
to strong correlation with the radiography (r=0.61-0.89).%
The average ND, of the healthy male (age 19.6+2.8 yrs;
body height of 172.9+5.3 cm) detected from radiography
equaled 0.7£0.2 cm.”” ND, of the 5-8-year-old children,
who were identified as having flexible flatfoot from abnormal
radiological findings, equaled 15.56+1.93 mm.?®* However,
MLA of children mature with age. ND, of adults with
low MLA (mean 11.83+1.68 mm) strongly correlated
with the foot posture index-6 score 26 which indicated
foot pronation.?® Moreover, the 2-D dynamic navicular
drop, occurred during walking, was in the range of 1.7 to
87 mm (95% Cl).** After the initial ND, screening of
31 volunteers, therefore, participants who had ND greater
than 10 mm were assigned to the FF group and those
who had ND, less than 9 mm were assigned to the CON
group, total 8 participants in each group. The Research
Ethics Committee approved (COA64/044) the study, and
the informed consents were obtained from all participants.

Measuring muscle activation

A wireless electromyogram (EMG) system (Noraxon
Ultium®, Noraxon USA Inc., Scottsdale, AZ) was synchronized
with infrared cameras and force plates to record muscle
activation during running at a sampling rate of 2000 Hz.
Based on SENIAM (www.seniam.org), adhesive Ag/AgCl
surface electrodes (BlueSensor P, Ambu Inc., Malaysia)
were attached to skin, with the interelectrode distance
of 3.4 c¢cm, above peroneus longus (PL), gastrocnemius
medialis (GM), vastus lateralis (VL), vastus medialis oblique
(VM), semitendinosus (ST), tensor fasciae latae (TFL), and
gluteus medius (GLM) muscles. For tibialis anterior (TA),
electrodes were placed at 47.5% between the tip of
fibular head and the medial malleolus.? Before running,
EMGs of each muscle were recorded during the maximal
voluntary contraction (MVC) following protocol in table 1.
After setting up position, participants were encouraged
to perform movement against the resistance from the
researcher with their maximal effort for 3-5 seconds,
total 3 trials for each muscle testing. A 2-minute rest was
allowed between the tests.
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Table 1. MVC protocol and testing position for each muscle.

Muscle(s) Movement Position

TA Ankle dorsiflexion with inversion Seated, ankle plantarflexed to 10 degrees.”

PL Ankle eversion with plantarflexion Supine, hip, and knee flexed to 0 degrees.

GM Plantarflexion Prone, hip and knee flexed to O degrees, ankle
dorsiflexed to 90 degrees.

VL&VM Knee extension Seated, hip flexed to 90 degrees and knee flexed to
60 degrees.?®

ST Knee flexion Prone, knee flexed to 60 degrees.”

TFL Hip abduction with flexion and internal ~ Semi-prone, hip flexed to 45 degrees, abducted to 30

rotation degrees and knee flexed to 90 degrees.
GLM Hip abduction with extension and Side-lying, hip flexed to 0 degree, abducted to 25

external rotation

degrees and knee flexed to 90 degrees.

Three-dimensional motion capture and foot modelling
Seven near infrared cameras (Vicon Motion System
Ltd., Oxford, UK) captured running motion of participants
at 200 Hz. They were synchronized with three force plates
(Kistler Corporation, Winterthur, Switzerland) which collected
ground reaction forces (GRFs) at 1000 Hz. Retro-reflective
markers were attached to the skin of lower extremities
following the lower body Plug-in-Gait marker set. An
additional foot markers of the foot model were attached
at the medial aspect of the 1 metatarsal head (1MH),
the lateral aspect of the 5" metatarsal head (5MH), the
navicular tuberosity (NAV) and the distal of the calcaneus
(DCA) to compute navicular height during running.”®
The root mean square errors of this model for detecting
the navicular height of healthy adults over the stance
phase of barefoot walking was 0.25 mm compared to
wearing a ski boot with rigid marker set.?® After static
calibration, participants performed a 20-meter barefoot
running on synthetic track at the speed of 3.5+0.25 m/s.
This running speed range was chosen because it was in the
average running speed range of amateur runners® and
the preferred running speed range of recreational active

runners.?® Running speed was monitored by the infrared
timers (Fitness Technology, KMS, Australia). After practice,
three running trials which the foot landed in the middle of
the force plate were captured. Next, kinematic, and kinetic
variables were computed using inverse dynamics (Vicon
Nexus®, version 2.8.2). The foot model was constructed
to determine the dynamic navicular height (NH_), which
was defined as the perpendicular distance from NAV
to the plane formed between 1MH, 5MH, and DCA
(Figure 1), using customized software (Matlab R2022a, The
Mathworks Inc., Natick, USA). The origin of the foot model
was located at the calcaneus and the directions of the local
X, Y, Z axes were shown (Figure 1). The local coordinate
of NAV was determined from its global coordinate and
the rotational matric between the global and the local
axes. The maximum dynamic navicular drops (ND_ ),

Dmax

representing maximal MLA collapse, was defined as the
difference between NH_ at heel strike and the minimal
NH, at stance phase of running. The percentage change of
ND,  was the difference between the ND___and ND, as
the percent change from ND..

DCA

DCA

Figure 1. The dynamic foot model and location of model’s markers.
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Measuring strengths of dorsiflexor and plantarflexor

The peak torques of dorsiflexor and plantarflexor
were measured using an isokinetic dynamometer (Biodex
System 4 Pro, Biodex medical systems, USA) to detect
the difference in muscle strength among the groups.
The participants sat on the dynamometer chair with
backward tilt around 70 degrees. Their right hip and knee
wereflexedat110degreesand 70-80 degrees, respectively,
until the tibia was parallel to the ground. Then, the right
foot was fixed with the tested footplate, and the lateral
malleolus was aligned with the dynamometer’s axis of
rotation. Next, participants performed 5 repetitions of
plantarflexion and dorsiflexion with their maximal effort
using the concentric-concentric mode at the speed of
30°/sec. The maximal plantarflexion and dorsiflexion
torque were normalized by body weight (%BW) and
reported as the plantarflexion and dorsiflexion peak
torque. The test-retest intraclass correlation coefficients
(ICC) of ankle dorsiflexion and plantarflexion were 0.93
and 0.91, respectively.’!

Data processing

The EMG signals collected during running were
rectified and normalized to their maximal EMG amplitude
obtained from MVC. Next, the smoothing technique,
a moving root mean square with an exponential weight
method was applied to the normalized EMG. Thereafter,
it was filtered by a low-pass infinite impulse response

filter with the passband frequency below the signal’s
mean frequency (Matlab R2022a, The Mathworks Inc.,
Natick, USA). The normalized EMG, NH_, kinematics and
kinetics at each percentage of the stance phase were
determined from cubic spline interpolation. In addition,
the normalized EMGs at each percent stance were
summed up throughout the stance phase to represent
total muscle activation, iEMG.

Statistical analysis

Normal distributions of variables were observed
using the Shapiro—Wilk test. For the normal distributed
variables, the between-group difference and the association
between variables were evaluated using the unpaired T-test
and Pearson’s product moment correlation, respectively.
The Mann-Whitney U test was applied to the non-normal
distributed variables, the ST iEMG (SPSS for Windows,
version 25, IBM Inc., Armonk, NY, USA). Classical statistical
parametric mapping (SPM), the unpaired T-test from the
open-source package spmld version M.0.4.11(spm1d.org,
© T. Pataky), was deployed on all trials of the time domain
datato assess the between group difference at each percent
stance using MATLAB (Matlab R2022a, The Mathworks Inc.,
Natick, USA).32 The statistical significance was set at p<0.05.

Results
There were no between-group differences in running
speed, dorsiflexion and plantarflexion peak torques (Table 2).

Table 2. Characteristics of the participants, static navicular drop, running speed and peak torques.

CON (N=8) FF (N=8)

MeanSD 95% ClI MeantSD 95% Cl pvalue
Age (year) 19.75+0.70 19.15-20.34 19.12+1.12 18.18-20.06  0.205
Weight (kg) 61.62+5.68 56.87-66.37 62.1614.13 58.70-65.61  0.832
Height (cm) 1.704£0.04 1.67-1.74 1.72+0.07 1.66-1.79 0.570
ND, (mm) 7.13+1.31 6.04-8.23 13.54+1.43 12.34-14.74  0.000™
Running speed (m/s) 3.53+0.11 3.44-3.63 3.47+0.10 3.39-3.56 0.267
T, (%BW) 48.51+9.74 38.36-54.66 47.68+7.46 41.44-53.92 0.791
T, (%BW) 103.50+24.03 ~ 83.40-123.59  124.81432.79  97.39-152.22 0.160

Note: CON: control group, FF: flexible flatfoot, ND_ static navicular drop, kg: kilogram, c¢cm: centimeter,
mm: millimeter, m/s: meter/second, T_.: dorsiflexion peak torque, T, plantarflexion peak torque, BW: body weight,
** statistically significant difference at p<0.01 using unpaired T-test.
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There was a negative correlation between the
percentage change of ND___ and plantarflexion peak
torque (r=-0.438, p=0.045, N=16) from the pooled data
of both groups (Figure 2A). Comparing between groups,
the FF group had lower dynamic navicular height

A
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(Figure 2B) which resulted in greater ND _ (Figure 2C).
The 95% confidence interval (Cl) of ND___ of the FF group
was in the range of 27.18-37.68 mm while that of the CON
group was in the range of 20.71-27.82 mm.
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The dynamic navicular drop of the FF group
was greater than that of the CON group (Figure 2B)
during midstance and propulsion (20-100% stance). This
incidence coincided with their greater knee flexion angle
(Figure 3A). The greater ankle dorsiflexion and hip flexion
angles also existed in the FF group during propulsion.
Moreover, the FF participants plantarflexed their ankle
with a smaller angle during push-off. The FF participants
also had a greater hip flexion moment at initial impact
and a smaller hip extension moment during push-off.
A larger ankle inversion existed in the FF group during the
initial and mid propulsions. Nevertheless, there were no

%MVC

SPM

rnal of Associated Medical Sciences 2025; 58(3): 102-110 107

between group differences in the adduction-abduction
and the internal-external rotation angles of the knee and
the hip. Compared to the CON participants, the larger
GRF applied to the FF participants posteriorly during the
midstance while the smaller GRF applied laterally during
push-off (Figure 3B).

The lesser VL, VM, GLM activations (Figure 4) occurred
in the FF group at initial propulsion (45-50% stance) and
their lesser GM activation also presented at push-off
(75% stance). Moreover, TA, GM, GLM and ST iEMGs of
the FF group were lesser than those of the normal foot group
(Figure 5).

%MVC

%Stance %Stance

%Stance %Stance

Figure 4. Ensemble graphs of muscle activation during the stance phase of running. Solid lines: mean, error bars:
SEM, blue lines: control group, red lines: FF group. Shaded areas show the significant difference between groups

using SPM analysis with unpaired T-test.
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Discussion

This study investigated whether the alterations of
muscle activation and limb motion in the FF individuals
associated with the greater MLA collapse during running.
Our 3-D foot model supported the hypothesis that
the FF participants had greater dynamic MLA collapse
during running compared to the normal foot participants
(27.18-37.68 mm VS 20.71-27.82 mm, the 95% Cl of
NDDmaX). Moreover, this ND, . from the normal foot’s
running was greater than the ND _ range of 1.7-8.7 mm
from 2-D walking analysis.?* However, running at the same
speed as walking also increased NH by 3.5 mm.* The
alteration of lower limb kinematics, an elevation of the
foot arch from greater hallux dorsiflexion,? the stiffer arch
and an increase in MLA angle during propulsion,® and
a larger fall of MLA with running may relate to the greater
NH, during running.** Moreover, our study showed that
the greater percentage change from static to dynamic
navicular drops during running was correlated with lower
plantarflexion peak torque. Therefore, the weakness of
plantar flexor could increase MLA collapse during running.

The FF group had greater MLA collapse during
midstance and propulsion which coincided with greater
ankle dorsiflexion, knee, and hip flexions. It supported
the previous finding® that FF individuals exhibited greater
ankle dorsiflexion during propulsion. However, neither
excessive ankle eversion nor substantial PL activation
existed in the FF group. In contrast, they had larger ankle
inversion during midstance and propulsion. Greater
activation of tibialis posterior and lesser activation of
PL were also found in the flat-arched, compared to the
normal-arched, groups during the propulsion of walking.?’
Therefore, PL may not be a major contributor to the dynamic
MLA collapse in FF individuals.

Greater dynamic MLA collapse in the FF group
could be the consequence of greater lower extremities
collapse as well as an insufficient activation of leg
extensors. Their larger hip flexion during propulsion
and smaller hip extension moment during push-off
resulted from the greater hip flexion moment at initial
impact and lesser activation of hip extensors, GLM and
ST, respectively. Similarly, the larger posterior GRF at
midstance accompanying with the lesser activation of knee
extensors, VL and VM also led to the greater knee flexion.
The former study also reported the increasing of peak
knee flexion from the reduction of knee stiffness in
the low arch runners, whereas the activation of knee
extensor, VL, raised knee stiffness.®® In addition, the
knee and hip stiffnesses had positive relationship with
ankle stiffness.® Moreover, the greater dorsiflexion angle
occurred in the FF group during propulsion should be
the consequence of their lesser plantar flexor activation,
GM, because the anterior and vertical GRFs were not
significantly different between groups.

The limitation of this study was that skin artifacts
could induce marker vibration during running. The skin
marker set of the similar MLA model underestimated
the MLA deformation about 2 degrees compared to the
radiography-based MLA deformation.®® Hence, the exact

amount of navicular drop occurs during running could be
a bit greater than the computed navicular drop of our study.

Conclusion

The FF participants had greater MLA collapse during
running which associated with the lower activation of leg
extensors to counteract the hip, knee, and ankle flexions
at midstance and propulsion. Greater hip flexion moment
at the initial impact and the lesser activations of GLM, and
ST enhanced larger hip flexion in the FF group. The larger
posterior GRF and lesser activations of VL and VM resulted
in their greater knee flexion. Lesser GM activation in the
FF participants related to greater dorsiflexion even though
both FF and normal foot groups had comparable plantar
flexor strength. Nevertheless, greater percentage change
of dynamic from static MLA collapse was correlated with
lower plantarflexion peak torque.

Funding
This research is supported by the Graduate School,
Kasetsart University

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements

| wish to acknowledge the Department of Health and
Movement Sciences, Kasetsart University, for providing all
facilities.

References

[1] Atik A, Ozyurek S. Flexible flatfoot. North Clin Istanb.
2014; 1(1): 57-64. doi: 10.14744/nci.2014.29292.

[2] McPoil TG, Knecht HG. Biomechanics of the foot in
walking: A function approach. J. Orthop Sports Phys
Ther. 1985; 7(2): 69-72. doi: 10.2519 jospt.1985.7.2.69.

[3] Franco AH. Pes Cavus and Pes Planus: Analyses and
treatment. Phys Ther. 1987; 67(5): 688-94. doi:
10.1093/ptj/67.5.688.

[4] McKeon PO, Hertel J, Bramble D, Davis I. The foot
core system: a new paradigm for understanding
intrinsic foot muscle function. BrJ Sports Med. 2015;
49(5): 290. doi: 10.1136/bjsports-2013-092690.

[5] Fiolkowski P, Brunt D, Bishop M, Woo R, Horodyski
M. Intrinsic pedal musculature support of the medial
longitudinal arch: an electromyography study.)
Foot Ankle Surg. 2003; 42(6): 327-33. doi: 10.1053/
j.jfas.2003.10.003.

[6] HeadleeDL,LeonardlL, HartJM, Ingersoll CD, HertelJ.
Fatigue of the plantar intrinsic foot muscles increases
navicular drop. J Electromyogr Kinesiol. 2008; 18(3):
420-5. doi: 10.1016/j.jelekin.2006.11.004.

[71 Reinking MF. Exercise-related leg pain in female
collegiateathletes:theinfluenceofintrinsicandextrinsic
factors. Am J Sports Med. 2006; 34(9): 1500-7.doi:
10.1177/0363546506287298.

[8] Wiegand K, Tandy R, Freedman Silvernail J. Plantar
fasciitis injury status influences foot mechanics
during running. Clin Biomech (Bristol). 2022; 97:



[0l

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

[21]

S. Tangwanicharoensuk and S. Sasimontonkul. Journal of Associated Medical Sciences 2025; 58(3): 102-110

105712.doi: 10.1016/j.clinbiomech.2022.105712.
Zhang X, Aeles J, Vanwanseele B. Comparison of foot
muscle morphology and foot kinematics between
recreational runners with normal feet and with
asymptomatic over-pronated feet. Gait Posture. 2017;
54:290-4. doi: 10.1016/j.gaitpost.2017.03.030
Okamura K, Hasegawa M, lkeda T, Fukuda K, Egawa
K, Kanai S. Classification of medial longitudinal arch
kinematics during running and characteristics of foot
muscle morphology in novice runners with pronated
foot. Gait Posture. 2022; 93: 20-5. doi: 10.1016/
j.gaitpost.2022.01.006.

HollanderK,ZechA,RahlIfAL, Orendurff MS,StebbinsJ,
Heidt C. The relationship between staticand dynamic
foot posture and running biomechanics: A systematic
review and meta-analysis. Gait Posture. 2019; 72:
109-22. doi: 10.1016/j.gaitpost.2019.05.031.

Kruger KM, Graf A, Flanagan A, McHenry BD, Altiok H,
Smith PA, et al. Segmental foot and ankle kinematic
differences between rectus, planus, and cavus foot
types. J Biomech. 2019; 94: 180-6. doi: 10.1016/].
jbiomech.2019.07.032.

Caravaggi P, Sforza C, Leardini A, Portinaro N, Panou
A. Effect of plano-valgus foot posture on midfoot
kinematics during barefoot walking in an adolescent
population.) Foot Ankle Res. 2018; 11: 55. doi:
10.1186/s13047-018-0297-7.

Phan CB, Lee KM, Kwon SS, Koo S. Kinematicinstability
in the joints of flatfoot subjects during walking:
A biplanar fluoroscopic study. J Biomech. 2021; 127:
110681. doi: 10.1016/j.jbiomech.2021.110681.
Powell DW, Williams DS 3rd, Windsor B, Butler RJ,
Zhang S. Ankle work and dynamic joint stiffness
in high-compared to low-arched athletes during
a barefoot running task. Hum Mov Sci. 2014; 34:
147-156. doi: 10.1016/j.humov.2014.01.007.
Williams DS, McClay IS, Hamill J, Buchanan TS.
Lower extremity kinematic and kinetic differences in
runners with high and low arches. J Appl Biomech.
2001; 17(2): 153-63. doi: 10.1123/jab.17.2.153.
Tweed JL, Campbell JA, Avil SJ. Biomechanical risk
factors in the development of medial tibial stress
syndrome in distance runners.) Am Podiatr Med
Assoc. 2008; 98(6): 436-44. doi: 10.7547/0980436.
Langley B, Cramp M, Morrison SC. Clinical measures
of static foot posture do not agree. ) Foot Ankle Res.
2016; 9: 45. doi: 10.1186/s13047-016-0180-3.

Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3:
a flexible statistical power analysis program for the
social, behavioral, and biomedical sciences. Behav
Res Methods. 2007; 39(2): 175-91. doi: 10.3758/
bf03193146.

Zuil-Escobar JC, Martinez-Cepa CB, Martin-Urrialde
JA, Gomez-Conesa A. Evaluating the medial longitudinal
arch of the foot: Correlations, reliability, and accuracy
in people with a low arch. Phys Ther. 2019; 99(3):
364-72. doi: 10.1093/ptj/pzy149.

Hannigan-Downs K, Harter R, Smith G. Radiographic
validation and reliability of selected clinical measures

(22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

109

of pronation. J Ath Tr. 2000; 35: S12.

Akiyama K, Noh B, Fukano M, Miyakawa S, Hirose
N, Fukubayashi T. Analysis of the talocrural and
subtalar joint motions in patients with medial tibial
stress syndrome. J Foot Ankle Res. 2015; 8: 25. doi:
10.1186/s13047-015-0084-7.

Zukauskas S, Barauskas V, Cekanauskas E. Comparison
of multiple flatfoot indicators in 5-8-year-old children.
Open Med (Wars). 2021; 16(1): 246-56. doi: 10.1515/
med-2021-0227.

Nielsen RG, Rathleff MS, Simonsen OH, Langberg H.
Determination of normal values for navicular drop
during walking: a new model correcting for foot
length and gender. J Foot Ankle Res. 2009; 2: 12. doi:
10.1186/1757-1146-2-12.

Sacco IC, Gomes AA, Otuzi ME, Pripas D, Onodera AN.
A method for better positioning bipolar electrodes
for lower limb EMG recordings during dynamic
contractions. J Neurosci Methods. 2009; 180(1):
133-7. doi: 10.1016/j.jneumeth.2009.02.017.

Harput G, Ulusoy B, Akmese R, Ergun N. Comparison
of muscle activation levels and knee valgus between
individuals with medial patellofemoral ligament
reconstructionand healthyindividuals duringfatiguing
stepdown task. Clin Biomech (Bristol). 2020; 78:
105067. doi: 10.1016/j.clinbiomech.2020.105067.
Worrell TW, Karst G, Adamczyk D, Moore R, Stanley
C, Steimel B, et al. Influence of joint position on
electromyographic and torque generation during
maximal voluntary isometric contractions of the
hamstrings and gluteus maximus muscles. J Orthop
Sports Phys Ther. 2001; 31(12): 730-40. doi: 10.2519/
jospt.2001.31.12.730.

Eichelberger P, Blasimann A, Lutz N, Krause F, Baur
H. A minimal marker set for three-dimensional foot
function assessment: measuring navicular drop and
drift under dynamic conditions.]) Foot Ankle Res.
2018; 11: 15. doi: 10.1186/s13047-018-0257-2.
Lourengo TF, Nunes LAS, Martins LEB, Brenzikofer
R, Macedo DV. The performance in 10 km races
depends on blood buffering capacity. J Athl Enhanc.
2019; 8: 1. doi: 10.4172/2324-9080.1000312.
Orendurff MS, Kobayashi T, Tulchin-Francis K, Tullock
AMH, Villarosa C, Chan C, etal. Alittle bit faster: Lower
extremity joint kinematics and kinetics as recreational
runners achieve faster speeds. J Biomech. 2018; 71:
167-75. doi: 10.1016/j.jbiomech.2018.02.010.
Tuominen J, Leppdnen M, Jarske H, Pasanen K,
Vasankari T, Parkkari J. Test-retest reliability of
isokinetic ankle, knee and hip strength in physically
active adults using Biodex System 4 Pro. Methods
Protoc. 2023; 6(2): 26. doi: 10.3390/mps6020026.
Serrien B, Goossens M, Baeyens JP. Statistical
parametric mapping of biomechanical one-dimensional
data with Bayesian inference. Int Biomech. 2019; 6(1):
9-18. doi: 10.1080/23335432.2019.1597643.

Pohl J, Jaspers T, Ferraro M, Krause F, Baur H,
Eichelberger P. The influence of gait and speed
on the dynamic navicular drop - A cross-sectional



110

(34]

(35]

(36]

S. Tangwanicharoensuk and S. Sasimontonkul. Journal of Associated Medical Sciences 2025; 58(3): 102-110

study on healthy subjects. Foot (Edinb). 2018; 36:
67-73. doi: 10.1016/j.foot.2018.04.001.

Shono H, Matsumoto Y, Kokubun T, Tsuruta A,
Miyazawa T, Kobayashi A, et al. Determination
of relationship between foot arch, hindfoot, and
hallux motion using Oxford foot model: Comparison
between walking and running. Gait Posture. 2022;
92:96-102. doi: 10.1016/j.gaitpost.2021.10.043.
Stolwijk NM, Koenraadt KL, Louwerens JW, Grim
D, Duysens J, Keijsers NL. Foot lengthening and
shortening during gait: a parameter to investigate
foot function?. Gait Posture.2014; 39(2): 773-7.
doi: 10.1016/j.gaitpost.2013.10.014.

Caravaggi P, Pataky T, Glinther M, Savage R, Crompton
R. Dynamics of longitudinal arch support in relation to
walking speed: contribution of the plantar aponeurosis.
J Anat. 2010; 217(3): 254-61. doi: 10.1111/j.1469-
7580.2010.01261.x.

(37]

(38]

(39]

(40]

Murley GS, Menz HB, Landorf KB. Foot posture
influences the electromyographic activity of selected
lower limb muscles during gait. J Foot Ankle Res. 2009;
2:35. doi: 10.1186/1757-1146-2-35.

Williams DS 3rd, Davis IM, Scholz JP, Hamill J,
Buchanan TS. High-arched runners exhibit increased
leg stiffness compared to low-arched runners. Gait
Posture. 2004; 19(3): 263-9. doi: 10.1016/S0966-
6362(03)00087-0.

Akl AR, Baca A, Richards J, Concei¢do F. Leg and
lower limb dynamic joint stiffness during different
walking speeds in healthy adults. Gait Posture. 2020;
82:294-300. doi: 10.1016/j.gaitpost.2020.09.023.
Caravaggi P, Rogati G, Leardini A, Ortolani M, Barbieri
M, Spasiano C. Accuracy and correlation between
skin-marker based and radiographic measurements
of medial longitudinal arch deformation. J Biomech.
2021;128:110711. doi:10.1016/j.jbiomech.2021.110711.



