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Abstract: (1) Flatfoot is a common malformation in both children and adults, in which a proper arch
fails to develop. This study aimed to see how over-the-counter running shoes improved the gait
patterns of flatfoot patients. (2) Methods: Three healthy flatfoot subjects were included in the study.
Flatfoot was diagnosed by a lateral talometatarsal angle of more than 4 degrees and a talocalcaneal
angle of more than 30 degrees. All the patient data were captured using Vicon motion caption
cameras. The subjects were allowed to walk at self-selected speeds with and without running shoes.
(3) Results: Significant differences in lower limb kinematics were observed between barefoot and
running shoe gait. In addition, by wearing the running shoes, the center of mass and lower limb
kinematics changed. (4) Conclusion: The improvement in balance and control was clearly indicated,
and the change in gait on the entire lower limb influenced normalizing the stresses of the foot with
running shoes. These valuable results can be used for rehabilitation programs.
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1. Introduction

Foot postures are generally classified into three categories: neutral, cavus, and flatfoot
(FF), with normal, high, and low medial arch height, respectively. Flat feet are a kind of
lever arm disease that can affect gait kinematics and balance control patterns. Treatment
options include surgery, exercise therapy, physiotherapy, and the prescription of shoes and
other rehabilitation equipment. The foot of a person with a flatfoot deformity is subjected to
increased mechanical overloading. This is linked to musculoskeletal diseases in the lower
limbs, such as plantar fasciitis, Achilles tendinitis, and patella—femoral joint discomfort.
Foot insoles have been demonstrated to be an effective therapy for reducing the symptoms
of flatfoot patients [1].

1.1. Characteristics of Flatfoot

e  Flatfoot promotes excessive pronation and reduced stress absorption;

*  When a typical foot comes into contact with the ground, it is subjected to a pressure of
1.5-times the body weight, but those with flat feet experience higher tiredness due to a
lack of shock absorption;

*  Obesity can also cause irregular foot mobility by increasing the stress on the feet
during the stance phase.

1.2. Current State-of-the-Art

Flatfoot subjects may not have adequately activated supportas a consequence of
overuse when performing activities that put recurring loads on the feet. Excessive pronation

Actuators 2022, 11, 152. https:/ /doi.org/10.3390/act11060152

https:/ /www.mdpi.com/journal/actuators


https://doi.org/10.3390/act11060152
https://doi.org/10.3390/act11060152
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0002-0095-2808
https://orcid.org/0000-0002-1001-8357
https://orcid.org/0000-0002-3429-7442
https://orcid.org/0000-0002-7848-1460
https://doi.org/10.3390/act11060152
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act11060152?type=check_update&version=2

Actuators 2022, 11, 152

2 0f9

of the subtalar joints may cause damage to the medial side of the knees [2]. Based on
previous literature [3], it has been found that the medio-lateral kinematic evaluations
are essential to evaluate the foot. Furthermore, most of the flatfoot studies reported on
treatment after surgery, flatfoot dynamics, and EMG characteristics of the lower extremities.
Few studies reported on the effects of foot insoles/shoes [4-6]. However, the relationship
between balance control, hip kinematics, and wearing running shoes is not clear. Therefore,
the goals of the current study were (1) to examine the flatfoot gait kinematics with and
without running shoes and (2) to compare the balance control relationship between the
with-shoe and without-shoe groups for flatfoot subjects in different directions.

2. Materials and Methods
2.1. Participants

Three flatfoot subjects (67.3 + 6.8 kg, 172 + 4.4 cm, 31.5 + 8.5 years) participated in the
study. All subjects read carefully and then signed an ethical form of consent provided by
the Science and Research University.

2.2. Instrumentation

Following the Navicular drop test and resting calcaneal position test, a 3D gait analysis
was performed. Subjects were asked to perform a bilateral stance posture assessment for
model creation and processing prior to gait acquisition. As a result, all subjects were
instructed to walk barefoot at a self-selected and comfortable pace across an 8-meter
walkway, replicating their daily gait. A starting point was established to standardize
gait initiation. Twelve Vicon motion-capturing cameras (Vicon MX, Oxford, UK, 200 Hz
sampling frequency) were used to record the kinematics data. For motion capture, 35
reflective markers were affixed over the anatomical landmarks, as shown in Figure 1. Each
participant was asked to walk with and without shoes (running shoes made of TPU), and
the data were obtained for 5 successive trials. The trial was discarded if the subjects failed
to produce their daily gait, and a new trial was conducted for the study. Trials that were
clear with all the marker data were selected for further processing.

Figure 1. Experimental setup used for GAIT measurements. The motion analysis lab for kinematics
and kinetics measurements in Movafaghian (Sharif University of Technology, Tehran, Iran) consists
of high-speed motion captures and force plates.
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2.3. Musculoskeletal Modeling

We used the Rajagopal (2016) model of OpenSim (Stanford University, Stanford, CA,
4.3 version)m which consists of 37 degrees of freedom (20 DOFs in the lower body and 17
in the torso and upper body), 80 muscle-tendon actuators to actuate the lower limbs, and
17 torque actuators to simulate the gait [7], as shown in Figure 2. The generic model was
scaled by mass, height, and marker data in the static position. The scaling procedure was
performed by the scaling tool of the OpenSim software. The inverse kinematics (IK) was
used to quantify the hip, knee, and ankle kinematics [8-10]. The IK estimates a weighted
least-squares equation to minimize the length between model marker data (x;) and surface
reflective marker data (¥;) in each time interval [11]:
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where g presents the vector of the generalized coordinates of the model and w; the weight
of the ith marker.
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Figure 2. The anterior view, lateral view, and posterior view sides of the Rajagopal (2016) muscu-
loskeletal model of OpenSim (Stanford University, Stanford, CA, USA, 4.3 version) consisting of
surface markers, 37 degrees of freedom (20 DOFs in the lower body and 17 in the torso and upper
body), 80 muscle-tendon actuators to actuate the lower limbs, and 17 torque actuators to simulate
the gait.

2.4. Data Analysis

The Motion Kinematics and Kinetics Analyser (Mokka) software was used to distin-
guish the on-set and off-set from the C3D file and convert it into a TRC file [12,13]. Mokka
can also be used for extracting the ground reaction force (GRF) and EMG data associated
with the subject. The duration time of one cycle gait was normalized to a percentage to
facilitate the timing comparison between groups and subjects [14].

2.5. Statistics

The data were statistically processed with the Matlab 2022 software (MathWorks, MA,
USA). The statistics analysis was performed for the lower limb kinematics for gait with and
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without running shoes. The results are presented as mean values and standard deviations
(SDs) with a confidence level of 95%.

3. Results
3.1. Kinematic Analysis

The ankle, hip, and knee angles of each lower limb (Left/Right) were analyzed for one
complete gait cycle and are presented in Figures 3,5 and 7.
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Figure 3. Hip kinematics of flatfoot subject with and without running shoes. r-right; l-left; FE-
flexion/extension; AA-abduction/adduction; RR-internal /external rotation.

The hip kinematics of the flatfoot subjects with its maximum joint angle characteristics
are visualized in Figures 3 and 4. From the above Figure 3, there was no significant
difference in hip kinematics with and without shoes. From Figure 4, it is indicated that the
flatfoot subjects exhibited higher FE compared to other ranges of motion. Compared to
left and right flatfoot hip kinematics, Flexion/Extension was higher in both the with-shoe
and without-shoe cases. The absolute values of the hip AA were observed to be higher in
the right compared to the left. Hip rotation showed higher differences in joint angles with
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a decrease of —187.4% and an increase of —4.9% in the right and left flat foot during gait

phase [15].
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Figure 4. Maximum hip joint angles of flatfoot subjects with and without shoes. r-right; 1-left.
The knee angle of the flatfoot subjects and its maximum joint angle with and without
shoes are depicted in Figures 5 and 6.
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Figure 5. Knee kinematics of flatfoot subjects with and without shoes. Red line indicates mean knee
joint angle with shoe group and Blue line indicated mean knee joint angle without shoe group.

From the above Figures 5 and 6, there was no significant difference between with- and
without-shoe conditions in flatfoot subjects. The knee kinematics of flatfoot subjects with
and without shoes were similar [15]. The percent of change between with- and without-
shoe groups of the knee was found to have a decrease of 12.4% and an increase of 0.4% in
the right and left knee.

The ankle angle of the flatfoot subjects and its maximum joint angle with and without
shoes are depicted in Figures 7 and 8.

From the above Figures 7 and 8, it is clearly shown that the ankle kinematics of flatfoot
subjects with and without shoes were distinctly separable. A smaller ankle dorsiflexion
angle was observed while using shoes for one complete gait cycle. The percent of change
between the with- and without-shoe group was found to be a decrease of 41.96% and 35.2%
in the right and left ankle angle. It is clearly evident that while wearing shoes, the DOF
and ankle kinematics were reduced, indicating less pressure was required to initiate the
movement than normal walking. Hence, the ankle plays a major role in flatfoot kinematics,
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and an orthosis will help balance control in flatfoot subjects, as well as help in reducing
ankle pronation deformity.
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Figure 6. Maximum knee joint angles of flatfoot subjects with and without shoes. r-right; l-left.
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Figure 7. Ankle kinematics of flatfoot subjects with and without shoes. Red line indicates mean ankle
joint angle with shoe group and Blue line indicated mean ankle joint angle without shoe group.
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Figure 8. Maximum ankle (dorsiflexion) joint angles of flatfoot subjects with and without shoes.
r-right; 1-left.
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3.2. COM Displacement and Velocity Results

COM variables (displacement and velocity) were obtained through body kinematics
and are tabulated in Tables 1 and 2.

According to Figure 9, it is clear that the flatfoot group with shoes had a larger
variability in the COM compared to the without-shoes (barefoot) group [15]. The resultant
medio-lateral motion of the COM during locomotion can be used as a functional indicator
to identify a person who is at greater risk of falling [16]. The flatfoot subjects with shoes
showed an increase in medio-lateral motion, which indicates compensatory adjustments
are established to counter the balance disturbance in the frontal plane.

Table 1. Mean and standard deviation of COM variables (displacement).

Without Shoe With Shoe
COM COM
COMXx COMy COMz COMXx COMy COMz
Mean 0.0117942 —0.00234 —0.00924 0.0051975 —0.002879 —0.009582
Stddev —0.005516 —0.000559 —5.33 x107° —0.005516 —0.000559 —5.33 x107°

* Standard deviation.

Table 2. Mean and standard deviation of COM variables (velocity).

Without Shoe With Shoe
COM COM
COMXx COMy COMz COMXx COMy COMz
Mean 0.8181375 0.0202329 0.0030689 0.8754778 —0.004599 0.0037519
Stddev 0.0933534 0.0978307 0.0157523 0.0933534 0.0978307 0.0157523

* Standard deviation.
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Figure 9. COM variables (displacement and velocity) of flatfoot subjects with and without shoes. Red
line indicates mean ankle joint angle with shoe group and Blue line indicated mean ankle joint angle
without shoe group.
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4. Discussion

Flatfoot is a condition that causes several injuries, such as pain due to the alternation
in the gait patterns, speed, balance, and control. This will consequently result in the risk of
falling and decreasing the mobility functions. Hence, the presented study compared the
kinematics of gait with and without running shoes and the medio-lateral relationship for
balance in flatfoot subjects. The kinematics results indicated that flatfoot disorder alters the
lower body kinematics, balance, and control. Flatfoot subjects have lesser ankle dorsiflexion
and a lesser knee extension peak, leading to a lack of mobility. It was also indicated that
flatfoot groups have a different range of motion (ROM), similar to previous literature [4,15].
It was shown that the above kinematic variables can be customized and compensate for
normal gait by wearing shoes. Based on this study, the pronation deformity will improve
when wearing shoes, and this can reduce the ankle angle [4,15,16]. The hip and knee
flexion need to be absorbed at the foot level usually during dynamic impact. Running
shoes act as a cushion and balance support for flatfoot subjects. This can be compensated
by providing counterparts within the shoe to absorb the abnormal changes in the gait.
Additionally, the medio-lateral COM and its role in balance control were detailed in this
study [16]. The counter balance in the frontal plane is essential for flatfoot subjects to
reduce the risk of falling. The above needs were addressed by wearing shoes. Further, The
presented data can be cross-validated with normal subjects to differentiate the lower limb
kinematics. Plantar pressure characteristics can also be recorded to understand the pressure
distribution variations in the foot region. Furthermore, a balance compensation strategy
for flatfoot subjects needs to be developed. In this way, the presented data will be helpful
in the development of foot orthoses for flatfoot subjects suitable for dynamic activities.

5. Conclusions

The main goal of the current study was to quantify the kinematic variables and
COM relationship in flatfoot subjects with and without running shoes. The shoe and
barefoot groups were significantly different in the kinematics of lower limb joints. Running
shoes can alter the kinematic variables of the lower limbs in flatfoot subjects. Hence,
in order to protect, restore, and reduce the side effects of the foot and posture, wearing
suitable shoes can be a fine option for flatfoot disorder. Furthermore, the presented study
described the parameters essential for balance and control. Further attempts are needed
to evaluate the specific modification strategy of subjects with flatfoot, which could use
different running shoes with visual input. In addition, the correlation between kinematics
and kinematicvariables in the evaluation of running shoes will be helpful to uncover the
pathological aspects.
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Abbreviations

The following abbreviations are used in this manuscript:

EMG  Electromyography
COM  Center of mass
ROM  Range of motion
DOF  Degree of freedom
IK Inverse kinematics
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