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Summary

Study aim: There is a lack of evidence to show the presence or absence of a relationship between foot morphology and changes
of the force applied to the knee extensor mechanism. The purpose of this study was to examine whether the type of foot is
a determining factor in the force applied to the extensor mechanism during walking.

Materials and methods: Twenty female subjects (18-30 years), 10 with neutrally aligned feet and 10 with functional flat foot,
participated in this study. Data were collected by employing a three dimensional motion capture system and a force platform,
while the subjects were walking at their preferred speed. Knee extensor mechanism force was measured at sub-phases of gait
(heel strike and toe-off).

Results: A significant interaction was found between groups and sub-phases of gait for all the variables tested. The subjects
with flat foot exhibited a significantly higher extensor mechanism force at toe-off compared to the control group (p < 0.05).
Conclusion: It can be concluded that subtalar hyper-pronation would increase the force applied to the knee extensor mecha-
nism at toe-off, through increasing the knee sagittal angle, net external flexion moment and extensor mechanism moment arm.

Therefore it may increase the possibility of musculoskeletal injuries.
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Introduction

The unique and specific structure of the foot creates
a dynamic link between the ground and the human body,
rendering it perfect for bipedal locomotion [24] and ideal
for adjusting to different walking conditions [20]. Differ-
ent mechanisms have been described for such a dynamic
body-environment interaction.

The subtalar joint (STJ) complex permits the foot to
act as a flexible structure (by pronation) to adapt to un-
even surfaces and as a rigid structure (by supination) to
facilitate the transmission of forces during gait [17, 19].
Evidence indicates that during a closed kinematic chain
movement (such as the stance phase of walking), the fron-
tal plane motion of the hind limb (supination/pronation) is
transmitted to the tibial bone, producing a transverse (ex-
ternal/internal rotation) movement in the shank [22]. Due
to its oblique axis, foot pronation would be induced by

STJ directly after initial contact with the ground during
normal walking [11, 18, 19]. This maneuver is suggested
to be an effective mechanism for shock absorption and
foot accommodation in the loading response phase of gait
to different terrains [7].

Additionally, the induced internal rotation of the tibia,
during STJ pronation, is shown to be coupled with the knee
flexion [23]. It has been stated that any factor affecting the
foot’s normal function may disturb this coupling mecha-
nism [5]. In the flat foot condition, changes in the ankle
joint kinetics and kinematics as well as the electromyo-
graphic activity of ankle joint muscles have been reported
[10]. However, less is known about the consequences of
these alterations for the knee joint kinetics. From a clinical
perspective, it seems that the alteration in the knee exten-
sor mechanism could increase the risk of soft tissue injury.
Providing such a linkage could be clinically relevant dur-
ing gait analysis procedures and might be used as a biomar-
ker for assessment/prediction of knee joint impairment.
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Therefore, the aim of this study was to examine whether
the type of foot is a determining factor in the force applied
to the extensor mechanism during walking.

Here, we used the knee extensor mechanism as a meas-
ure of force distribution around the knee joint. This simple
method utilizes kinematic-kinetic data to measure the ex-
tensor mechanism force. We hypothesized that the subjects
with subtalar hyper-pronation would demonstrate a greater
extensor mechanism force during the stance phase of gait
in comparison to subjects with neutrally aligned feet.

Material and methods

Participants

Twenty asymptomatic female subjects (aged 18-30
years), 10 with neutrally aligned and 10 with functional
flat foot type, were selected after a complete lower ex-
tremity clinical examination. Prior to participation, all the
subjects were informed about the nature of the study and
signed the informed consent form, approved by the Hu-
man Ethics Committee of Shiraz University of Medical
Sciences.

Flat foot was determined by measuring the resting cal-
caneal stance position (RCSP) in the frontal plane during
weight bearing, using the protocol described by Kim et
al. [14]. This measurement has been shown to have high
intra- and inter-rater reliability [21]. Having an RCSP be-
tween 2° of inversion and 2° of eversion was representative
of a neutrally aligned foot, while a flat foot presented with
an RCSP of more than 4° of eversion [1].

Also, the Feiss line test was used to define subjects with
flexible flat foot. The Feiss line is defined as a straight line
from the medial malleolus through the navicular bone to
the center of the first metatarsal head, the test being per-
formed during rest and in weight-bearing conditions [8].
Flat feet were labeled as flexible if the navicular bone was
positioned under the line only in weight-bearing condi-
tion [9].

The inclusion criteria for participants included having
a normal range of motion of hip, knee, ankle and metatar-
sophalangeal joints (based on goniometric assessments),
normal (grade five) strength in major lower extremity mus-
cles (as manifested by manual muscle testing performed
by the same examiner), having bilateral flat foot (for the
patient group, n = 10) or natural alignment (for the control
group, n = 10). The exclusion criteria were functional or
structural orthopedic disorders that would prevent the nor-
mal stance phase of walking, such as a limb length discrep-
ancy greater than 1 cm, excessive knee hyper-extension,
abnormal knee varus or valgus, chronic pain due to struc-
tural or functional problems in the lower extremity bones,
ligaments or menisci, neurological ailments affecting the
gait such as neuropathy or other sensory disturbance,

cerebral palsy, stroke, neurodegenerative disease or any
past history of injuries or orthopedic surgery of the lower
extremities. All the objective measurements of the study
were performed by the same experimenter.

Measure and procedures

Ground reaction force (GRF) data were collected using
a single force plate (Kistler Instrument, Winterthur, Swit-
zerland) with sampling at 240 Hz. Kinematic data were
collected using an eight-camera motion analysis system
(Proreflex, Qualisys Track Manager Ltd., Gothenburg,
Sweden) with sampling at 120 Hz.

To measure the anthropometric data and subsequently
build a 6-degree of freedom model, retro-reflective cali-
bration markers of 19 mm diameter were placed on the
following anatomical points: the highest point of the iliac
crests, anterior and posterior iliac spines, the center of
greater trochanters, dominant lower extremity’s medial
and lateral femoral condyles, medial and lateral malleoli,
first and fifth metatarsal heads, fifth metatarsal base and the
center of the calcaneus. Two sets of cluster markers, con-
taining 4 tracking markers secured on a polyform material,
were placed on the lateral distal one third of the shank and
on the lateral one half of the thigh to track the movement
of desired segments [3, 25]. Subjects stood on the force
plate and assumed a normal posture for a few seconds to
capture a static trial for the sake of model building.

Following multiple practice trials, three barefoot walk-
ing trials at a self-selected speed were recorded. To pro-
mote a natural gait pattern, subjects were instructed to
maintain visual contact with a fixed point located at the
end of the walkway at their eye level. Only the trials in
which the subject’s dominant foot landed on the force
plate were considered for further analysis. The dominant
leg was determined based on the research done by De
Ruiter et al. [6].

Data were synchronously recorded with QTM software
(Qualisys Track Manager Ltd., Gothenburg, Sweden). All
subsequent analyses were performed in Visual 3D soft-
ware (C-Motion, Inc., Rockville, MD, USA).

Data analysis

Raw data were filtered using a fourth order low-pass
Butterworth filter with a cut-off frequency of 6 Hz for
kinematic data and 15 Hz for kinetic data [13]. The lower
extremity was modeled as a rigid, linked-segment system.
The standard Newton-Euler method was used to calculate
the knee joint angle. Ground reaction force was normal-
ized to subjects’ weight (N/kg).

The extensor mechanism force can be measured from
net internal extensor torque (z,,,) upon knowing the exten-
sor moment arm [16]:

Fem = Tem/ dem ’ (1)
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where F, is the extensor mechanism force and d,,, is the
extensor mechanism moment arm.
To calculate d,,, the following formula was used [27]:

d,,=0.0367x + 3, 2)
where x is knee joint angle in degrees. On the other hand
Tknee — GRF * dGRF ’ (3)

where 7, is knee torque, and dyp is the moment arm
of GRF. Knee torque was calculated from the model de-
veloped in Visual 3D software. Assuming that in a semi-
static situation the two torques of the extensor mechanism
and knee are equal (z,,, = 7;,,,) [2, 13], the unknown 7,
in Eq. (1) can be replaced by knee torque. The extensor
mechanism force at heel strike and toe-off was calculated.
The average of the knee extensor mechanism force for the
whole stance was calculated based on the mean values
of knee joint sagittal angle, mean ground reaction force,
mean moment arm of GRF and mean moment arm of ex-
tensor mechanism.

Statistical analysis

Prior to data analysis, each of the dependent variables
in question was examined for distribution normality with
the Kolmogorov-Smirnov test, using the 0.05 level of sig-
nificance. Each variable demonstrated normality, and as
a result, parametric statistics were used.

A 2 x 2 (group X event) split-plot ANOVA model
was used to analyze the dependent variables. Subjects
were nested within independent groups (control vs. flat-
foot) and gait event (heel strike vs. toe-off) was a re-
peated measures variables. The following dependent
variables were analyzed: knee angle, knee moment and
force. Given the multicollinearity between the depend-
ent variables, the overall ANOVA was tested at the more
conservative 0.01 level. The correlation between resting
calcaneal stance position (RCSP) and mean knee exten-
sor mechanism force (average through the stance phase
of the gait cycle) was examined using the Pearson cor-
relation.

Results

Twenty asymptomatic female subjects participated in
the study. There were no statistically significant differenc-
es in age, height or weight distribution between the groups
(Table 1).

For knee angle, a significant interaction was present
between groups and test (F, 1, = 13.15, p <0.01). Follow-
up analysis of this interaction indicated that both the con-
trol (ty= 29.06, p < 0.01) and flat-foot group (t;= 27.60,
p <0.01) increased the knee angle between heel strike and
toe-off, as expected. There was no significant difference
between the groups in knee angle at heel strike (t,;= 1.46,
p = 0.160), but there was a significant difference at toe-off
between the groups (t;¢=5.01, p <0.01).

For knee moment, there was also a significant interac-
tion between groups and test (F, ;¢ = 8.81, p <0.01). Fol-
low-up analysis of this interaction indicated that both the
control (ty=—4.99, p < 0.01) and flat-foot group (t,=—-7.76,
p < 0.01) increased the knee moment between heel strike
and toe-off, as expected. There was no significant differ-
ence between the groups in knee moment at heel strike
(t,g= —0.99, p = 0.352), but there was a significant differ-
ence at toe-off between the groups (t,;=—-3.76, p <0.01).

Finally, for the force applied to the knee extensor
mechanism, there was also a significant interaction be-
tween groups and test (F; 3 = 16.18, p < 0.01). Follow-
up analysis of this interaction indicated that both the con-
trol (ty = —3.98, p < 0.01) and flat-foot group (ty= —7.22,
p < 0.01) increased the force between heel strike and
toe-off, as expected. There was no significant difference
between the groups in force at heel strike (t;q= —0.96,
p = 0.350), but there was a significant difference at toe-off
between the groups (t,¢=—3.69, p < 0.01).

The Pearson coefficient of determination showed
a positive correlation between resting calcaneal stance po-
sition (RCSP) and extensor mechanism force (R%= 0.624,
p < 0.001) in the group with flat foot. This determina-
tion coefficient was not significant in the normal group

Table 1. The participants’ demographic characteristics

Group N Mean + SD Range p value
Age [year] NL 10 21.76 £3.48 18-30 0.862
FF 10 21.73+3.29 18-28 ’
Height [cm] NL 10 156.36 +4.59 152-168 0.743
FF 10 156.42 +4.21 153-167 ’
Body mass [kg] NL 10 58.91+3.32 55.14-65.01 0.781
FF 10 58.36 £2.89 54.14-64.31 ’

N — number of subjects in each group; SD — standard deviation; NL — normal; FF — flat-footed.
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Fig. 1. Relation between ankle valgus angle and mean knee extensor mechanism force

(R?=10.013, p = 0.846), suggesting no significant relation
between these two parameters in the normal condition
(Fig. 1).

Normal subjects had a statistically significantly low-
er valgus angle (5.7 £ 2.5 vs. 8 £ 1.9; p < 0.001). Mean
extensor mechanism force was calculated by taking the
average of the extensor mechanism force throughout the
stance phase. In the healthy group, there was not a signifi-
cant correlation between RCSP and mean extensor force
(R2=0.013, p = 0.846). However, in subjects with flat
foot, there was a significant positive correlation between
the two variables (R2= 0.624, p < 0.001).

Discussion

From a biomechanical perspective, the human body has
powerful relative synchronous interactions between its seg-
ments during walking [ 12]. Any asynchrony in these motions
could potentially result in injury, likely due to an alteration
in the knee joint pattern of movement and force distribution.
During a normal gait cycle, knee extension must be associ-
ated with tibial external rotation about midstance in order
to preserve congruency of the joint. In a hyper-pronation
situation the femur undergoes excessive internal rotation to
maintain relative knee external rotation and compensate for
the excessive tibial external rotation [23].

Our data showed a significantly greater knee flexion
angle at the end of the stance phase of walking in the
group with flat foot. It is suggested that in a closed kin-
ematic chain of lower limb movement, talar adduction
induces knee flexion through tibial internal rotation [5].
Our current finding, therefore, is in agreement with this
biomechanical chain of effects. Examining the correlation
between the degree of valgus and the extensor mechanism

force showed that in the pathologic condition an increase
in RCSP is linearly related to the extensor mechanism
force. Although our study did not pinpoint the cause of
alteration in knee joint mechanisms, these current findings
strongly suggest that alterations in the knee joint are relat-
ed to abnormalities of the foot. However, more thorough
studies are needed to investigate the nature of the altera-
tion in the extensor mechanism.

The current study analysis showed that at the begin-
ning of the stance phase, both groups demonstrate a simi-
lar knee angle and extensor mechanism profile. However,
at toe-off, these variables significantly increase in the flat-
foot group. These observed deviations could be due to ex-
cessive tibial rotation or alteration in forefoot movements.
A study by Hunt and Smith (2004) showed that subjects
with flat foot have decreased forefoot adduction at termi-
nal stance [10]. However, our study was not designed to
investigate the movements of different foot segments and
their relation to the knee extensor mechanism.

Insertion of a prosthetic insole, which is believed to
compensate for the subtalar hyper-pronation, has been
shown to reduce the knee joint flexion angle during walk-
ing [4, 15]. More importantly, it has also been shown that
runners with lower arch height exhibit a greater eversion
to tibial internal rotation ratio compared to those with high
arches [26]. Taken together with our findings, it can be
suggested that the observed excessive knee joint angle at
toe-off is caused by subtalar hyper-pronation.

Despite its limitations, this study was the first to per-
form a 3D analysis of the influence of foot morphology
on the extensor mechanism force. A simplified model of
the knee joint was used in this study, which ignored the
co-contractions from muscles, e.g. hamstring. Therefore
the net external flexion moment was not a free muscle mo-
ment but, for simplification, was considered to be so in
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this investigation. The determination of anatomical land-
marks has always been subject to some errors, and this
was a known limitation of our procedure. Moreover, the
subjects of this study were all young females who were
not representative for flat-footed subjects.

Conclusion

We found that functional flat foot can alter force dis-
tribution as well as joint range of motion of the knee joint
during the stance phase of gait. This novel evidence adds
to our understanding about the impact of functional flat
foot on the knee joint from a biomechanical perspective.
From a clinical standpoint, alterations in the moment arm
of a muscle could have devastating consequences in the
final torque and hence movement generation. An appar-
ently small change in the moment arm (such as 0.18 cm
as observed in this study) can significantly alter the knee
joint extensor mechanism. Our study showed that subjects
with flat foot demonstrate a significant alteration in the
knee extensor mechanism at terminal stance. However, the
chain of events which causes such an alteration is yet to be
determined. Such a finding could be of important clinical
relevance since force redistribution on the knee joint and
subsequently abnormal stresses on the soft tissues increase
the tendency for musculoskeletal injuries.
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