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Abstract.

[Purpose] This study aimed to examine changes in lower extremity kinematics in the sagittal plane

during downward squatting by subjects with pronated feet. [Subjects and Methods] This study selected 10 subjects
each with normal and pronated feet using a navicular drop test. The subjects performed downward squatting, in
which the knee joints flex 90° in a standing position. We recorded the angles of the hip, knee, and ankle joint in the
sagittal plane through motion analysis. For the analysis, the squatting phase was divided into phase 1 (initial squat),
phase 2 (middle squat), and phase 3 (terminal squat) according to the timing of downward squatting. [Results] In the
pronated foot group comparison with the normal group, the hip joint flexion angle decreased significantly in phases
2 and 3. The dorsiflexion angle of the ankle joint increased significantly in phase 3. The flexion angle of the knee
joint did not differ between groups in any of the phases. [Conclusion] The pronated foot group utilized a different

squat movement strategy from that of the normal foot group in the sagittal plane.

Key words: Pronated foot, Kinematics, Squat

(This article was submitted Jul. 1, 2014, and was accepted Aug. 24, 2014)

INTRODUCTION

The feet are a very important tool for movement and
exercise in humans who walk erect. One of the most com-
mon biomechanical problems with feet is abnormal prona-
tion"). Excessive pronation of the feet is related to diverse
overuse injuries of the lower limbs>*® and is considered a
cause of proximal biomechanical dysfunction® 4. Excessive
pronation of the feet increases the risk of valgus knees and
triggers internal rotation of the hip joint!). Hyperpronation
of the feet causes immediate internal rotation of the shank
and thighs and a change in pelvic position, which contributes
to lower back dysfunction®. Changes in foot structure, such
as pronation and supination, affect the static and dynamic
postural stability®.

Squatting is associated with various lifting motions in the
activities of daily living, and it is one of the exercises used
most frequently for strength and conditioning”. Previous
studies on pronated feet have largely focused on kinematic
changes in the gait or activities such as running®. Recently,
there was a study regarding the effects of short-foot ex-
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ercise on the dynamic balance of subjects with pronated
feet®). However, the effects of pronated feet on lower limb
movements in the sagittal plane during squatting remain
unclear. Accordingly, this study examined differences in the
kinematic variables of the lower limbs that occurred in the
sagittal plane between a pronated foot group and a normal
foot group.

SUBJECTS AND METHODS

Subjects

Ten young male adults each with pronated and normal
feet participated in this study. Table 1 presents the general
characteristic of the participants. All subjects performed a
navicular drop test (NDT). We measured the navicular height,
the distance between the tubercle of the navicular bone and
the floor in sitting (subtalar neutral position) and standing
(full weight bearing position) positions. The navicular drop
is the difference between the two distances. The normal
value for navicular drop is between 5-9 mm®. Therefore,
participants with a navicular drop exceeding 9 mm were
included from the pronated foot group. Subjects were ex-
cluded from the study group if they had reported any pain in
the lower extremities during physical activity or squatting or
suffered from neurological symptoms or restricted range of
motion. All participants understood the purpose of this study
and provided written informed consent prior to participation
in accordance with the ethical standards of the Declaration
of Helsinki.
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Methods

We measured the joint angle of the hip, knee, and ankle
in the sagittal plane using motion analysis (EGL-500RT,
Motion Analysis Corp, Santa Rosa, CA, USA). We attached
reflective markers (10 mm) to the trunk and anterior superior
iliac spine (ASIS); thigh, medial and lateral epicondyle of
the femur, and lower leg; medial and lateral malleolus; and
2nd metatarsal head of the subjects according to the Helen
Hayes marker set. Squatting was initiated while the subjects
flexed the arms at 90° when standing in a shoulder-width
stance. While conducting the motion, the subjects kept their
trunk upright. The movement range for squatting was set as
being until the knee joint flexion angle became 90° in an up-
right standing position. The movement speed was controlled
according to a metronome such that the subjects conducted
squatting for 3 seconds. In the present study, downward
squatting was divided into three phases according to the tim-
ing of knee flexion movements: phase 1, when the subjects
started squatting, was immediately before they initiated
movement in an upright position (initial squat); phase 2 was
the middle point of the squat (middle squat); and phase 3
was the last point of the squat (terminal squat). The angles of
the hip, knee, and ankle joint in the sagittal plane according
to these phases were extracted, and the average values of
three repeated movements were used for analysis.

A statistical analysis was performed using PASW Sta-
tistics version 18 for Windows. Descriptive statistics were
analyzed for the characteristics of the participants (including
age, height, weight, NDT). An independent t-test was used
for comparing the differences of each angle of a hip, knee,
and ankle joint in the normal and pronated foot groups ac-
cording to the squat phase—phase 1, phase 2, or phase 3—in
the sagittal plane. The criterion for statistical significance
was set at the level of p < 0.05.

Table 1. General characteristics of the participants

Normal foot (n=10) Pronated foot (n=10)

Age (year) 21.9+2.7 21.3+1.6
Weight (kg) 64.9£13.0 65.5+9.0
Height (cm) 172.445.5 171.9+6.8
NDT (mm) 7.0£1.5 11.7£1.5

Values are means+SD. NDT: navicular drop test

RESULTS

Table 2 shows a summary of the changes in the joint
angles of the lower extremity attained during downward
squatting. The results of t-tests showed no significant
changes in the knee flexion angles between the groups in
each phase during downward squatting (p > 0.05). The hip
flexion angle showed statistically significant differences,
with that of the pronated foot group being significantly less
than that of the normal group in phase 2 (p < 0.05) and phase
3 (p <0.01); no significant changes were noted in phase 1 (p
> (0.05). Furthermore, the ankle dorsiflexion angle showed a
statistically significant difference, with that of the pronated
foot group being significantly larger than that of the normal
group in phase 3 (p < 0.05); no significant changes were
noted in phase 1 and phase 2 (p > 0.05).

DISCUSSION

This study was conducted to comparatively analyze the
characteristic changes in the lower limb joint movements
of subjects with pronated feet in the sagittal plane during
squatting through motion analysis. A squat is generally
classified into three groups according to the knee flexion
angle: a partial squat is when the knee flexion angle is ~40°,
a half squat is when the knee flexion angle is between 70°
and 100°, and a deep squat is when the knee flexion angle
exceeds 100°7). In this study, a knee flexion angle of 90°, i.e.,
a half squat, which is most frequently used in the clinical
field, was measured.

In a dynamic squat, a person starts in an upright stand-
ing position with the knee and hip joints extended and then
squats down by flexing at the hip, knee, and ankle joints?).
Escamilla et al.”) noted that during a squat, the knees and
hip were flexed and extended in a similar form and to a
similar extent, and the shanks was similar to the movement
form and extent of the trunk. In the present study, the flex-
ion angles of the normal group’s hip and knee joints were
identified: 16.39° and 13.44°, respectively, during phase 1;
51.26° and 55.07°, respectively, during phase 2; and 89.53°
and 97.68°, respectively, during phase 3, with movements
to a similar extent. As the subjects progressed from phase 2
to phase 3, the pronated foot group’s hip joint flexion angle
(38.1°, 71.6°) was statistically lower than that of the normal
foot group (51.26°, 89.53°). Graci et al.'? examined gender
differences in the kinematics of the lower extremities during

Table 2. Joint angles of the lower extremity in the sagittal plane during downward squatting

Phase 1 Phase 2 Phase 3
Hip flexion (°) Normal foot 16.4+6.3 51.3+12.0 89.5+9.5
Pronated foot 11.9+£5.8 38.1+13.0* 71.6£16.1%*
Knee flexion (°) Normal foot 13.4+4.8 55.1£4.0 97.7+7.6
Pronated foot 9.6£7.4 51.7€3.9 94.9+5.8
Ankle dorsiflexion (°) Normal foot 4.4+2.6 17.6£2.6 25244 .4
Pronated foot 3.0+2.6 18.7£4.0 30.5+6.7*

Values are means+SD. * p < 0.05; ** p <0.01
Phase 1, initial squat; phase 2, middle squat; phase 3, terminal squat



a single leg squat. They observed that females showed lesser
trunk flexion and greater knee abduction than males. Both
genders used different movement strategies during single leg
squat. The result in our study was similar to their study re-
sult, although without the gender differences. The pronated
foot group showed lower hip flexion angles than the normal
group. Gribble et al.!V reported that chronic ankle instability
and fatigue disrupt dynamic postural control, altering control
of sagittal-plane joint angles proximal to the ankle. These
results are consistent with our hypothesis. It may be pos-
sible that pronated feet increase ankle mobility and internal
rotation of the lower limbs, restrictively affecting hip joint
flexion movements.

In the present study, a comparison of ankle movement
showed that the ankle dorsiflexion angle was significantly
greater in the pronated foot group (30.49°) than in the normal
group (25.15°) during phase 3. When there was no shorten-
ing of the soleus, pronation of the feet increased flexibility
in the ankles". Power and Clifford!? examined the effects of
rearfoot position on squat kinematics in healthy adults with
pronated feet. According to their results, the peak ankle dor-
siflexion angle was significantly reduced in the group whose
pronated feet were corrected to a subtalar neutral position
compared to barefoot. The present study showed a similar
result. The angle of the pronated foot group was probably
greater than that of the normal group because as squatting
progressed, pronation in the pronated group became more
severe, increasing the mobility of ankle dorsiflexion and re-
ducing the movement of the hip joint relative to the those of
the normal group, thereby leading to more ankle movement
to compensate for the reduced movement.

The limitations of this study are that the number of
subjects was small and that they were all young males.
Therefore, future research needs to study a large number of
subjects of different ages and genders.

In conclusion, the ankle and hip joint movements during
squatting are considered to have a certain relation, and it
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was found that the pronated foot group used a different squat
strategy compared with the normal group. Also, excessive
ankle movement in persons with pronated feet may cause
injury to their feet. As a result, control of ankle and hip
joint movement is important in people with pronated feet
while squatting, especially in the half squat. Thus, to prevent
damage during squatting exercises, people with pronated
feet need to modify their exercise strategy and correct their
pronated feet or perform exercises to correct them.

REFERENCES

1) Valmassy RL: Clinical Biomechanics of the Lower Extremities. New
York: Elsevier, 1996.

2) Barwick A, Smith J, Chuter V: The relationship between foot motion and
lumbopelvic-hip function: a review of the literature. Foot Edinb, 2012, 22:
224-231. [Medline] [CrossRef]

3) Neely FG: Biomechanical risk factors for exercise-related lower limb inju-
ries. Sports Med, 1998, 26: 395-413. [Medline] [CrossRef]

4) Harradine P, Bevan L, Carter N: An overview of podiatric biomechanics
theory and its relation to selected gait dysfunction. Physiotherapy, 2006,
92: 122—-127. [CrossRef]

5) Khamis S, Yizhar Z: Effect of feet hyperpronation on pelvic alignment in a
standing position. Gait Posture, 2007, 25: 127-134. [Medline] [CrossRef]

6) Cote KP, Brunet ME, Gansneder BM, et al.: Effects of pronated and supi-
nated foot postures on static and dynamic postural stability. J Athl Train,
2005, 40: 41-46. [Medline]

7)  Schoenfeld BJ: Squatting kinematics and kinetics and their application to
exercise performance. J Strength Cond Res, 2010, 24: 3497-3506. [Med-
line] [CrossRef]

8) Moon DC, Kim K, Lee SK: Immediate effect of short-foot exercise on dy-
namic balance of subjects with excessively pronated feet. J Phys Ther Sci,
2014, 26: 117-119. [Medline] [CrossRef]

9) Escamilla RF, Fleisig GS, Lowry TM, et al.: A three-dimensional bio-
mechanical analysis of the squat during varying stance widths. Med Sci
Sports Exerc, 2001, 33: 984-998. [Medline] [CrossRef]

10) Graci V, Van Dillen LR, Salsich GB: Gender differences in trunk, pelvis
and lower limb kinematics during a single leg squat. Gait Posture, 2012,
36: 461-466. [Medline] [CrossRef]

11) Gribble PA, Hertel J, Denegar CR, et al.: The effects of fatigue and chronic
ankle instability on dynamic postural control. J Athl Train, 2004, 39: 321—
329. [Medline]

12) Power V, Clifford AM: The effects of rearfoot position on lower limb ki-
nematics during bilateral squatting in asymptomatic individuals with a
pronated foot type. J Hum Kinet, 2012, 31: 5-15. [Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/22503311?dopt=Abstract
http://dx.doi.org/10.1016/j.foot.2012.03.006
http://www.ncbi.nlm.nih.gov/pubmed/9885096?dopt=Abstract
http://dx.doi.org/10.2165/00007256-199826060-00003
http://dx.doi.org/10.1016/j.physio.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16621569?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2006.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15902323?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20182386?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20182386?dopt=Abstract
http://dx.doi.org/10.1519/JSC.0b013e3181bac2d7
http://www.ncbi.nlm.nih.gov/pubmed/24567688?dopt=Abstract
http://dx.doi.org/10.1589/jpts.26.117
http://www.ncbi.nlm.nih.gov/pubmed/11404665?dopt=Abstract
http://dx.doi.org/10.1097/00005768-200106000-00019
http://www.ncbi.nlm.nih.gov/pubmed/22591790?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/15592604?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23486735?dopt=Abstract
http://dx.doi.org/10.2478/v10078-012-0001-0

