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Abstract: Background: Foot postural alignment has been associated with altered gait pattern. This
study aims to investigate gait kinematic differences in flatfoot subjects’ regarding all lower limb
segments compared to neutral foot subjects. Methods: A total of 31 participants were recruited
(age: 23.26 yo + 4.43; height: 1.70 m £ 0.98; weight: 75.14 kg & 14.94). A total of 15 subjects were
integrated into the flatfoot group, and the remaining 16 were placed in the neutral foot group. All of
the particpants were screened using the Navicular Drop Test and Resting Calcaneal Stance Position
test to characterize each group, and results were submitted to gait analysis using a MOCAP system.
Results: Significant kinematic differences between groups were found for the ankle joint dorsiflexion,
abduction, and internal and external rotation (p < 0.05). Additionally, significant differences were
found for the knee flexion, extension, abduction, and external rotation peak values (p < 0.001).
Significant differences were also found for the hip flexion, extension, external rotation, pelvis rotation
values (p < 0.02). Several amplitude differences were found concerning ankle abduction/adduction,
knee flexion/extension and abduction/adduction, hip flexion/extension and rotation, and pelvis
rotation (p < 0.01). Conclusion: Flatfooted subjects showed kinematic changes in their gait patterns.
The impact on this condition on locomotion biomechanical aspects is clinically essential, and 3D
gait biomechanical analysis use could be advantageous in the early detection of health impairments
related to foot posture.

Keywords: flatfoot; walking; biomechanics; kinematics; gait analysis

1. Introduction

Foot posture is usually classified into three categories: neutral (NF), cavus, and flatfoot
(FF) with normal, high, and low medial longitudinal arch height, respectively. A FF is
often characterized by calcaneus plantarflexion and eversion relative to the tibia, talus
plantarflexion, navicular dorsiflexion, and forefoot supination [1-4]. FF subjects present
greater foot and ankle mobility with subjacent higher risks of developing adjacent me-
chanical overloading injuries [5,6]. Additionally, regarding static analysis, this condition
presented an anterior pelvic tilt, internal hip and tibia rotation, knee valgus, and extended
lower back [3,7-10]. Through altered lower limb motion patterns, foot posture can induce
injuries [5,6] and has been associated with abnormal foot motion during gait [7,8,11-14].
Regarding FF subjects, the medial longitudinal arch varies and can modify plantar pressure
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along the foot, affecting shock absorption, muscular activity, and gait pattern [15,16]. More-
over, foot sole afferent input affects postural awareness and FF triggered by neurological or
muscular restrictions, ligament or joint laxity, excessive motion, and muscle activity [13].
For every daily living activity, both static and dynamic postural control are required [17].
However, foot posture can induce altered plantar pressure patterns and, therefore alter
the motion of adjacent joints. The neuromuscular function as well as the biomechanics of
the lower limbs can be affected by an altered afferent sensory input. The Central Nervous
system uses the muscle coactivation system through the neuromotor response, a motor
control mechanism used to modulate joint stiffness, postural stability, and gait pattern [16].
Muscle joint coactivation varies during the gait cycle, reaching higher heel-strike and
unilateral weight-bearing values during the balance transition phase and lower values in
mid-stance [18].

Buldt et al. (2015) stated that during gait pattern, FF subjects exhibit more motion
compared to NF subjects, and cavus foot subjects exhibit less motion when compared
to FF subjects. Those alterations can reveal abnormal biomechanical parameters that, as
previously stated, influence injury appearance throughout the entire lower limb. These
injuries can be due to lesser energy dissipation due to the reduced movement of FF, inducing
impact attenuation impairment [5]. In a systematic review, Buldt et al. (2013) found that FF
subjects showed alterations in plantar pressure characteristics, specifically higher pressure,
force, and contact area values relative to the medial arch, central forefoot, and the hallux,
while the same parameters were minor in the lateral and medial forefoot [6]. Additionally,
the authors investigated the kinematic variables of the foot complex. They stated that FF
subjects presented significantly higher rearfoot inversion and adduction motion during the
last 20% of the stance phase. They also found a positive correlation regarding condition
subjects and the rearfoot peak eversion in the first half of the stance phase [6].

Based on gait analysis, other authors identified differences among FF subjects com-
pared to neutral ones. They seemingly investigated ground reaction forces through the aid
of a force platform and analyzed the collected variables like Center of Pressure excursion
and velocity maximum values using linear methods. For instance, Buldt et al. (2018, 2018a)
found significant differences in FF subjects, i.e., smaller lateral medial range during the
terminal gait stance, faster Center of Pressure excursion velocity in terminal stance, and
specific plantar pressure characteristics [14,19]. Some authors investigated FF character-
istics in pediatrics or neurological impairments. For instance, Twomey et al. (2012) and
Kerr et al. (2019) examined the kinematic differences among asymptomatic pediatric FF
subjects. The authors found several differences among FF subjects when considering lower
limb biomechanics [20,21]. Addiontally, Galli et al. (2014) showed several gait pattern
characteristics differences between FF and NF among Down Syndrome children [22]. Other
authors have analyzed the kinematic differences in adult subjects. However, they have only
focussed their investigation on the foot, ankle joint, or the tibia bone [5,6,23-25]. However,
no study has analyzed the kinematic gait pattern differences in FF subjects regarding the
lower limbs compared to NF subjects. Therefore, concerning the lack of evidence, the
purpose of this study was to analyze the kinematic gait pattern differences in FF subjects
compared to NF subjects considering all segments of the lower limb.

2. Materials and Methods
2.1. Participants

This descriptive observational study was conducted at RoboCorp Laboratory at the
Polytechnic Institute of Coimbra after the approval of the Ethics Committee of Polytechnic
Institute of Coimbra based on the revised version of the 2013 Declaration of Helsinki [26,27],
where it was recorded with the number 13_CEPC2/2019. Additionally, the recommen-
dations for the communication of observational studies recommendations were followed
(Strengthening the Reporting of Observational Studies in Epidemiology—STROBE) [27].
The sample size was calculated using G*power 3.1.9 software (G* power 3.1.9, Kiel, Ger-
many) based on the study previously published by Resende et al. (2015). The sample size
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was determined as the number of participants necessary to reach a statistical power of 80%,
an estimated alpha level of 0.05, considering a moderate effect size (d = 0.6) [28]. Therefore,
a sample size of 28 subjects was required, and consequently, forty-three volunteers were
recruited for this study. Before any assessment, all subjects were informed about the purpose
of the study and the related procedures benefits, and all of involved risks were explained to
each subject. Participants were guaranteed that they could withdraw at any time without
justification, and all of the particpants were asked to read and provide informed consent,
agreeing to participate in the study. A total of thirty-one subjects aged between 18 and
35 years old met the eligibility criteria (Table 1). The inclusion criteria for the study was
limited to subjects who presented bilateral FF or NF who were aged between 18 to 40 years
old. The FF group were included subjects who presented a >9 mm Navicular Drop Test
score and >4° Resting Calcaneal Stance Position scores. The NF group were incorporated
subjects with a 5-9 mm Navicular Drop Test and <4° Resting Calcaneal Stance Position
scores. To identify whether they had a FF or a NF condition, all participants were submitted
to the Navicular Drop Test and the Resting Calcaneal Stance Position test, as those are
clinically used by practitioners worldwide. All of the procedures were realized by a single
practitioner with more than 6 years of experience in the use of these techniques. Following
this, participants who presented the following criteria were not excluded from this study:
(a) any disturbance that might affect gait pattern like orthopedic, neurological or visual
impairment among impairments, including current injury, pain, active ulceration, or previ-
ous amputation; (b) participation in a physiotherapy treatment program; (c) bone fracture;
(d) injury or surgery to the spine, hip, knee, or ankle; (e) aged less than 18 and more than
40 years old; and(f) medication intake that can affect gait and muscle activity. Therefore,
15 bilateral FF participants were assigned to the FF group, comprising a total of 30 feet, and
16 bilateral NF subjects were assigned to the NF group, comprising a total of 32 feet.

Table 1. Groups characteristics.

Total NF FF p-Value
n 31 16 15
(37.5% Women) (46.6% Women)

k 62 32 30
NDT (mm) * 5.06 £ 2.42 11.35+ 143 0.000
RCSP (°) * 144 +£1.19 552 +222 0.000
Age (years) * 23.26 +4.43 21.69 + 2.98 2493 +5.17 0.045
Height (m) * 1.70 £ 0.98 1.72 £ 0.09 1.68 £ 0.10 0.200
Weight (kg) * 75.14 +14.94 75.92 £17.03 74.32 +12.90 0.772

n = sample; k = lower limb number; NF = Neutral Foot; FF = Flatfoot; * Mean + Standard Deviation.

2.2. Assessment

Foot posture was diagnosed based on clinical procedures including the Navicular
Drop Test and the Resting Calcaneal Stance Position test, as those are clinically used by
practitioners worldwide [29-31]. They were performed by a single physiotherapist with
more than 6 years of experience in the use of these techniques. The same procedure
was used for both groups. Before data collection, subjects were asked to maintain a
weight-bearing barefoot stance position to perform both tests. First, the navicular drop
was evaluated using the Navicular Drop Test, where the mean of three measurement
values define the drop severity. A rigid plastic-made ruler was placed by the practitioner
perpendicularly to the ground that registers the distance between the ground and the
navicular bone (millimetres). The talus was then inverted into a neutral position by the
practitioner, and the procedure was repeated. The assessment of the differences in the
positions quantifies the navicular drop severity [29]. Afterward, the angle between the
rearfoot and the leg was assessed by the same practitioner using the Resting Calcaneal
Stance Position test, where the mean of three measurement values define the angle. This
angle was formed by the longitudinal bisecting line of the calcaneus and the longitudinal
bisecting line of the distal third of the leg, which was drawn by the investigator in a prone



Appl. Sci. 2021, 11,7077

40f12

position. A rigid goniometer was used to measure this angle (Enraf-Nonius B.V, Rotterdam,
The Netherlands) [31].

Following the aforementioned tests, three-dimensional computerized gait analysis
was performed on both the FF and NF groups to assess movement characteristics such as
joint angular kinematics and spatiotemporal gait parameters. Data were captured with a
10-camera Qualisys® 3D Motion Capture System (Qualisys AB, Gétebor, Sweden) with a
predictive error of 25 mm and a maximum residual set at 6 mm. A full-body marker setup
based on the IOR model [32] comprising fifty-three reflective kinematic markers was used
on specific anatomical positions on the partcipants, namely on the thorax, the head, and the
lower limbs. Tracking markers, i.e., four marker clusters, were placed over the thighs and
shanks to improve segment tracking accuracy. Therefore, kinematic data were collected
in a previously calibrated volume, with a calibration error bellow 0.7 mm and recorded
at a 200 Hz sampling frequency. Before gait acquisition, subjects were asked to perform
a bilateral stance posture assessment regarding model creation processing. Therefore, all
subjects were instructed to walk barefoot at a self-selected and comfortable pace across an
8 -meter walkway, which allowed them to reproduce their daily gait. To standardize the
gait initiation, a starting point was established so that participants could perform four gait
cycles before reaching the force platforms to stabilize gait velocity. No other restrictions
were placed on participants. At least fifteen passages were collected at a comfortable speed
to generate sufficient data to obtain a mean value for each parameter being measured.
There was a ten second rest period between trials. If any participants failed to produce a
daily gait behaviour that could be perceived by the researchers, the trial was discarded and
a new trial was performed without warning the subject. Trials in which all of the markers
were clear and possible to identify were defined as valid and finally, ten valid passages
were selected for further processing.

2.3. Data Processing and Analysis

Initially, the recorded data were pre-processed using the Qualisys Track Manager
v2.15 (Qualisys AB, Gotebor, Sweden) software. The resulting data were then exported
to Visual3D (C-Motion, Germantownm, MD, USA) for further analysis. The marker
trajectories were then filtered with a 6-Hz low-pass Butterworth filter, and gait events (heel
strike and toe-off) were automatically identified by the software’s routine. A 3D model was
created to analyze the relative angles of the ankle, knee, and hip joints. Finally, Visual 3D
(C-Motion, Germantownm, MD, USA) software commands were computed and identically
replicated for each subject to identify outcomes measures, namely joint angular kinematics
(ankle, knee, hip, and pelvis angle), gait spatiotemporal parameters, and vertical center of
mass displacement.

2.4. Statistical Analysis

The data were statistically processed with the IBM SPSS Statistics 27.0 software (IBM
Corporation, New York, NY, USA). In this observational descriptive study, the appropriate
summary statistics were applied to the descriptive analysis of the sample. Before any
further statistical procedure, the normality of the distribution was explored. The sample
presented a non-normal distribution using the Kolmogorov-Smirnov (p < 0.001, t > 0.041)
regarding all variables. Continuous variables were described using the median and vari-
ance based on the non-normal distribution of the variables. The Mann-Whitney U test was
used to test the hypotheses in two independent samples. The level of significance was set
at 5% (p < 0.05) for all hypothesis tests.

3. Results
3.1. Sample and Groups Characteristics

The following data ire presented for both groups, the FF and NF groups. In Table 1,
the distribution of age (p = 0.045), height (p = 0.200), the weight (p = 0.772) of all participants
alongside Navicular Drop Test and Resting Calcaneal Stance Position scores are presented.
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As expected, regarding both groups separately, both groups presented the mean score
of the Navicular Drop Test and Resting Calcaneal Stance Position scores in concordance
with the cut-off value previously established and selected in the method section with
significant differences between them (p = 0.000). Those can be described with a value
higher than 9 mm and a 4° cut-off value for the FF group and lower than 9 mm and a 4° in
the NF group.

3.2. Kinematics Analysis

For the kinematic parameters, 16 participants were included in the NF group (32 feet)
and 15 participants were included in the FF group (30 feet). The ankle, knee, hip, and pelvis
angles of each lower limb (right/left) were analyzed and are presented in Table 2. For each
segment, the movement is described in the sagittal (x), frontal (y), and transverse (z) planes.
Significant differences between the groups are observed in the ankle, knee, hip, and pelvis
during the gait. The FF group is characterized by less ankle peak dorsiflexion (p = 0.029),
abduction (p = 0.033), and internal and external rotation (p < 0.001). The FF group tends
to exhibit less knee and hip peak extension (p < 0.001), external (p < 0.001, p = 0.012)
rotation, and knee abduction (p < 0.001). A higher peak value in the FF group was found for
knee (p < 0.001) and hip flexion (p = 0.002), hip internal rotation, and pelvis right rotation
(p = 0.017). Additionally, the FF group is also characterized by a smaller range of motion
(ROM) concerning ankle abduction/adduction (p = 0.003), knee abduction/adduction
(p < 0.001), and hip rotation (p = 0.007). Additionally, the FF group exhibits a higher ROM
value concerning knee (p = 0.000) and hip flexion/extension (p = 0.002) and pelvis rotation
(p = 0.009). Concerning the center of mass displacement, significant differences the among
groups are found for the maximum value as well as for the amplitude (p < 0.001).

Figures 1 and 2 illustrate the mean curve of the joint angles of the ankle, knee, and hip
during gait (NF and FF subjects, respectively respectively).

Table 2. Groups kinematics characteristics.

Maximum and Minimum Value Range of MOTION
FF NF p-Value FF NF p-Value
Phmtatfiocon 15671661 1609453  05i A E628  209:847 0163
Ankle (°) Abduction R e 0% 16814406 1779+£1051  0.003
Sl N R
fom  GeiE wRl B0 s amews om
Knee (°) [bduction B A e oMl 1884657 24241120  <0.001
Extenson 10214831 142108 0006  A08BE7EL 3979754 0002
wpe e el ORI O o e o
sl R WEL MR i wesnn o
Posteron Tt 3701003 40241101  0oop  TS3E680 825672 0744
Pelvis (°) Lateral Tilt SOESS, A28 DA 10284444 9814322 0720
Rotation o6 AT 80638 00T 209841153 18014781 0.009
cqugtee Ymebimn ST ST M e cecw om

Mean =+ Standard Deviation; NF = Neutral Foot; FF = Flatfoot; Negative value = extension/internal rotation/adduction/anterior tilt;
positive value = flexion/external rotation/abduction/posterior tilt.
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Figure 2. Kinematics of various of FF lower limb joints during gait.
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The Center of Mass variation over gait is illustrated in Figures 3 and 4 (NF and FF
subjects respectively).

T T
0.0 250 50.0 75.0 100.0

Figure 3. Center of mass variation of NF subjects alongside gait pattern.

0.88

0.0 25.0 50.0 75.0 100.0

Figure 4. Center of mass variation of FF subjects alongside gait pattern.

4. Discussion

FF is a condition that can be triggered by several reasons, namely, neurological or muscu-
lar restrictions, ligament laxity, joint laxity, excessive motion, and muscle activity [13,33-35].
It is present in children, targets 10-25% of adults, and can be disastrous for patients as the
foot problems prevalence has been reported to be from 46% to 80% in both clinical and
institutional situations. This leads to several injuries, often accompanied by pain affecting
gait pattern and speed, balance, and decreasing function, consequently increasing fall
risk [1-3,33,36-38] The purpose of the present study was to characterize the gait kinematics
during the entire gait cycle of subjects with FF conditions. Comparative observations of
lower extremity kinematics during a walking task were performed between individuals
with FF compared to those with NF. Gait was characterized in all three dimensions by
employing a Motion Capture system.

In this study, the group comparison showed statistically significant differences be-
tween most of the studied kinematic variables, more specifically for the ankle, knee, and
hip joints. However, the Motion Capture analysis of gait kinematics and the complete
lower limb analysis for FF subjects are not easily found in the literature. The current
study provided a full assessment of the pelvis and the lower limbs to better characterize
the movement in all three planes during gait. ROM differences have been found in the
kinematics of both groups concerning the pelvis and all lower-limbs joints.

In this study, FF participants presented lower ankle dorsiflexion (p = 0.029), abduction
(p = 0.033), external and internal rotation (p < 0.001) during gait. Additionally, only the
ankle abduction/adduction ROM presented a statistically significant increase in the NF
group (p = 0.003). Those results follow those found by Twomey et al. (2012), who stated
no significant differences (p > 0.05) between members of the the same group in the ankle
kinematics during gait [20]. However, we need to highlight the fact that those results were
found in children. In another study in children realized by Twomey et al. (2010), they
found significant differences relative to the forefoot supination angle (p < 0.003). On the
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other hand, Levinger et al. (2010) investigated kinematic changes of the foot and the ankle
along with the gait task in FF subjects compared to neutral ones in adults. They found a
greater forefoot abduction (p = 0.002) and internal rotation (p = 0.018) in FF subjects. The
authors found a significantly greater peak forefoot plantarflexion (p = 0.004) and adduction
(p = 0.004). However, we found no adduction differences between the groups during the
gait cycle (p = 0.398). This can be due to ankle stabilization during gait, namely during
the propulsion phase in the late stance phase of the gait cycle. As noted by Levinger
et al. (2010), the electromyography activity of the tibialis posterior is greater in FF subjects,
which may explain the joint stabilization, not inducing a change both in foot pronation
and ankle adduction [10]. Additionally, Buldt et al. (2015) investigated the kinematics of
ankle and foot differences between FF and NF groups during gait. Their findings support
a significantly smaller inversion/eversion ROM (p < 0.05) in the FF group as well as a
significantly smaller peak plantarflexion value (p < 0.05). The authors performed a in
systematic review concerning foot and ankle kinematics analysis during gait by comparing
FF and NF subjects. Few papers were included in their review, and the authors stated that
there was some evidence for increased motion in the FF subjects, but this was limited by
small effect sizes. They also stated some evidence of increasing FF posture was positively
correlated with an increased frontal plane motion of the rearfoot and therefore translated
into the navicular bone drop present in FF subjects. As previously noted, we did not find
greater ankle adduction or abduction in the FF subjects. Our results do not always match
the several studies that have analyzed the static posture of FF subjects that found those
correlations between joints kinematics [20,33,34,39—-41]. They stated that during the medial
longitudinal arch drop, the foot is forced to maintain exaggerated pronation, and through
the coupling kinematics between the foot, tibia, and femur, subjects presented an increased
internal rotation of the hip.

FF subjects only showed a greater knee peak flexion peak (p < 0.001) during gait. Even
so, those subjects showed a lesser knee peak extension (p < 0.001), abduction (p < 0.001),
and external rotation (p < 0.001) with significant differences compared to NF participants.
However, knee flexion/extension ROM (p = 0.000) is higher in FF subjects, while the
NF group presents a higher abduction/adduction ROM (p < 0.001). In children aged
11-12 years of age, Twomey et al. (2012) found a significant difference between the two
groups regarding the adduction/abduction peak value (p = 0.01), with a greater value for
the FF group concerning the condition of the valgus. Additionally, the authors did not find
any significant results in the sagittal or transverse plane of the knee.

Additionally, FF subjects presented a higher hip peak flexion (p = 0.002) alongside a
higher internal rotation peak value (p < 0.001). However, the NF participants presented
higher peak values of hip extension (p = 0.006) and hip external rotation (p = 0.012) with
significance. Thus, the FF subjects showed a significantly less ROM concerning hip flex-
ion/extension (p = 0.002) and internal/external rotation (p = 0.007). Our results are in
contrast to those stated by Twomey et al. (2012), who related greater hip external rotation
peak (p < 0.05) to the FF group. A gait pattern is considered a cyclic movement, where
the coordination of several joint movements concerning the same plane is necessary to
optimize gait efficiency [42]. The increase in knee and hip flexion along gait for the FF
subjects can result from a greater need to absorb impact that, in FF, are not absorbed at the
foot level. This occurs because the FF subjects showed lesser ankle dorsiflexion and knee
extension peak, corresponding to a lack of mobility.

Finally, regarding the pelvic kinematics, the only significant difference concerning
peak values was found relative to the pelvic rotation with an increased value in the FF over
the NF group (p = 0.017). Finally, the FF group showed a significantly higher pelvic rotation
ROM (p = 0.009). As stated by Levinger et al. (2010), our findings, regrouped with the
comparison of the other studies related to an altered ankle and foot motion associated with
foot posture, namely the FF condition, can induce altered motion over gait pattern [10].
The FF subjects exhibited a greater abduction and pronation in both static posture and
during gait, which can increase injury risk. However, the FF subjects did not a present
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greater frontal plane motion ROM, i.e., abduction/adduction ROM. Therefore, without
an increased amplitude, we can hypothesize that the FF subjects did not present greater
ankle mobility during gait, which is contradictory to The key findings of several authors.
In the systematic review concerning the kinematic differences between FF and NF subjects
during gait conducted by Buldt et al. (2013), the authors provide some evidence of the
relationship between the FF condition and lower limb motion during the gait. However,
they only focus their analysis on the foot and ankle kinematics without an entire lower
limb analysis. However, they stated that their study was not conclusive, as the included
papers presented several limitations [6].

Finally, in our study, we found a statistically significant increase in the vertical max-
imum center of mass value in the NF compared to the FF (p < 0.001). The FF subjects
presented a lower mean value corresponding to the minimum vertical score during the
double stance support phase of the gait cycle and the medial longitudinal arch drop. As
stated, we did not find any significant increase concerning ankle abduction, but this can
also result in less impact absorption by the foot, and therefore, this absorption is conducted
by the joints above, such as the knee and hip, and with this, the maximum displacement
of the centre of mass is smaller. However, additional study needs to be conducted on FF
subjects, as no papers were found in the literature that focused on this content.

This study presented several limitations. The Navicular Drop Test and the Resting
Calcaneal Stance Position were used to assess the foot condition. As those are considered
to be mobility tests, the entire foot contact area was not considered, which is a parameter
that is usually used in the study of FF subjects. It will be interesting to evaluate the
same results using the FootPrint parameters as an inclusion criterion. Additionally, only
bilateral conditions, both FF and NF, were included. Therefore, unilateral FF or NF were
not recruited to exclude the temporary or functional alterations presented in unilateral
conditions. Finally, the non-characterization of the participants” weight was not realized in
this study.

Due to the several complications associated with FF, the insight into the impact of
this condition on the biomechanical aspects of human locomotion is clinically essential.
Therefore, the use of 3D gait biomechanical analysis could be advantageous and crucial
in the early detection of health impairments related to foot posture. According to our
knowledge, this is the first study that investigates overall lower-limb kinematic character-
istics during gait in FF subjects. Additionally, for instance, as FF participants presented
lower ankle dorsiflexion, abduction, external and internal rotation, we can hypothesize the
fact that those subjects presented a decreased mobility of the ankle joint, a result that is
contradictory to others conclusions found in the literature.

5. Conclusions

Considering the overall kinematics of the lower limbs, this study showed that FF
subjects did present few alterations compared to NF participants and exhibited a different
gait pattern throughout the entire gait cycle. The differences were present in the ankle,
knee, hip, and pelvis joints and ROM variations were seen along all different planes.
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