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AB STRACT
Purpose: Flat feet associates with altered knee kinematics, kinetics, as well as knee pain. Fatigue
of plantar intrinsic foot muscles may increase the navicular drop. However, it is unclear how
fatigue influences the knee pain in individuals with flat feet. The purpose of this study was to
assess the effect of fatigue on knee kinematics and kinetics in flat feet people during walking.
Methods: This is a quasi-experimental research. Ten individuals with flat feet (Mean±SD age:
24.4±2.16 y; Mean±SD height: 177.2±4.31 cm; Mean±SD mass: 81.9±17.4 kg) and 10 normal
subjects (Mean±SD age: 25.28±6.33 y; Mean±SD height: 168.61±27.71 cm; Mean±SD mass:
78.13±26.93 kg) were participated in this study. A Vicon motion analysis system (100 Hz) with
four cameras and two Kistler force plates (1000 Hz) were used to measure knee kinematics and
kinetics during gait before and after fatigue. For between group and within group comparisons,
the Independent t test and repeated measures analysis of variance were used, respectively. SPSS
(V. 22) was used to analyze data with the significance level of P<0.05.
Results: Knee range of motion of flat feet group in frontal plane (9.37±2.54 degree) was
significantly higher than that of healthy group (P=0.01) in the pretest. In the flat feet group,
the knee moment in sagittal, frontal, and horizontal plan was significantly greater than
those in the healthy group by 0.86 (P=0.002), 0.25 (P=0.016) and 0.19 (P=0.000) Nm/BW,
respectively in the pretest. Adductor moment increased after fatigue protocol in the healthy
group by 0.08 Nm/BW.
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Conclusion: Before exhaustion, the knee moments in sagittal, frontal, and horizontal planes in
the flat feet group were significantly higher than that in the healthy group. In the flat feet group,
fatigue resulted in a decrease on the knee flexion and abduction moments and increase in knee
ROM in sagittal and frontal plane in the flat foot group. The decreased knee muscle moments
may result in an increased loading on the knee joint. It appears that extreme exhausting activity
might place the knees of flat feet individuals at the risk of pathology and injury.
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1. Introduction

lat feet is common in children with the
prevalence of 35% in boys and 20% in girls
[1]. It is less prevalent in older ages since it
becomes corrected by age [2-4]. Foot pronation is a risk factor for mechanical dysfunctions and injuries in the upper joints such as ankle,
knee and hip joints [5, 6]. In theory, foot pronation creates tibia internal rotation, hip internal rotation [7], knee
valgus and pelvis anterior and ipsilateral tilt [6].
In knee valgus, more axial loads are imposed on the lateral
compartment of knee [7] which may be a source of the knee
pain and discomfort. Generally, the amplitude of navicular
drop increases with fatigue. Fatigue refers to a reduction in
the efficiency and force generating capacity of muscles after prolonged exposure to activity [8]. Research has shown
that fatigue can change kinetics and kinematics of the lower
limbs in gait [9-12]. Yoshine et al. assessed the effect of
prolonged walking fatigue on gait and found local muscle
fatigue at tibialis anterior muscle, gait instability rhythm,
and slow gait rhythm [9]. Barbieri et al. analyzed the effect
of muscle fatigue on the kinematic and kinetic parameters
of normal gait and found that fatigue would affect kinematic
and kinetic parameters of gait [10].
Qu et al. examined the effects of load and fatigue on gait
characteristics and found increased gait width variability, hip ROM, and trunk ROM with fatigue and load [11].
Hamacher et al. assessed the gait patterns in healthy young
individuals by maximal fatigued and in older adults by submaximal fatigued. They found that young adult subjects
become more stable after maximal fatigue but older individuals walk less locally stable in a submaximal fatigued
condition [12]. Parijat et al. examined the effect of lower
extremity fatigue on gait variables of healthy young adults.
They found a significant decrease in the center of mass and
peak knee joint moment and an increased knee flexion and
reduced ankle dorsiflexion at the heel strike phase of the
gait cycle during fatigue trials [13].
Long pre et al. found no changes in knee adduction
moment, knee flexion angles, dynamic knee stiffness,
and muscle co-activation after lower limb fatigue.
They just found that the peak knee extension moment
reduced during fatigue [14]. Hunt et al. assessed the effect of ankle plantar flexor fatigue on knee and ankle
biomechanics during gait. They found out that fatigue
significantly decreased medial gastrocnemius activity,
and increased knee flexion ROM and external knee
flexion moment [15].
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Flat feet people experience pain and discomfort in knee
joint while walking. However, to the best of authors’
knowledge, so few published studies have assessed the
effect of fatigue on knee joint kinematics and kinetics
during gait in flat feet people. This study aimed to assess
the effects of fatigue on knee joint kinematics and kinetics during walking. It was hypothesized that A. Knee
joint moment increases after fatigue, and B. Knee joint
ROM increases after fatigue.

2. Materials and Methods
This is a quasi-experimental research. A group of 10
healthy individuals (Mean±SD age: 25.28±6.33 y;
Mean±SD height: 168.6±27.71 cm; Mean±SD mass:
78.13±26.93 kg) were selected as healthy group. Also,
a group of 10 flat feet individuals (Mean±SD age:
24.41±2.63 y; Mean±SD height; 177.26±4.33 cm;
Mean±SD mass: 33.61±2.93 kg) were selected as experimental group. Subjects would be included in the experimental group if they did not have any history of major surgery, leg length discrepancy, pain, neuromuscular
disease, or known balance deficit. The research protocol
was approved by the Ethics Committee of Bu-Ali Sina
University of Hamadan. Objectives and methods were
explained for subjects and they gave their written consent before the experimentation.
Footprint method was used to quantify the foot arch. In
this method, the footprint area was recorded by industrial
carbon powder on A4 paper, and then the footprint was
scanned and imported to Auto CAD software environment (Figure 1). Then, the length of the footprint was
divided into three equal parts, and the area of the three
parts was calculated separately. The arc-index of the foot
was calculated using Equation 1 [16].
(1) AI=

B
(A+B+C)

×100

Where AI is the foot archindex, A, B and C correspond
to the front, middle and the rear one-third of the foot
print length, respectively. This method has a moderate
to high correlation with radiography methods [17-20].
Based on this foot print index, the foot can be classified
into normal (0.21> AI<0.26), pes cavus (AI<0.21), and
flat feet (AI>0.26) [21].
Instruments
A Vicon motion analysis system with four T-series
cameras (100 Hz), with Nexus-1.7.5 software (Oxford
metrics, UK), was used to shoot the movements of 16
reflective spherical markers attached to the lower limbs
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Fatigue protocol
The subjects were initially asked to warm-up for 5 minutes, including free walking and flexibility stretches. The
fatigue protocol includes running until exhaustion. Then
the subjects ran around an indoor volleyball salon (90 m
environment) with 4.5 m/s speed for more than 12 minutes. If the exhaustion occurred before 12 minutes, the
subject would be excluded from the study. After exhaustion, the test was stopped. Exhaustion was defined as
being unable to continue running and a score of greater
than 17 based on borg Rating of Perceived Exertion
(RPE) scale [22]. Kinematics and kinetics data were recorded before and after the fatigue protocol.
Data processing and statistics

Figure 1. Marker placement

during barefoot walking at self-selected speed. Based
on plug-in-gait model, reflective markers were placed
on bony landmarks over the Anterior Superior Iliac
Spine (ASIS), Posterior Superior Iliac Spine (PSIS),
Mid-Thigh (MT), Lateral Condyle of Femur (LCOF),
Mid-Shank on the lateral side (MSH), Lateral Malleolus
(LMA), heel, and toe over the distal head of the second
metatarsal bilaterally (Figure 1).
Kinematic data were filtered using low-pass Butterworth
forth-order filter with a cut-off frequency of 10 Hz. Threedimensional range of motion for the right and left knee
joints were measured. Two Kistler force plates were also
used to record the Ground Reaction Forces (GRF) during
gait. GRF data were sampled at 1000 Hz. Force plates and
the motion capture systems were synchronized. The protocol were implemented on both groups.
Movement task
The subjects were asked to walk with a self-selected
speed for 5 successful trials. The relevant data were measured from right and left foot. A trial was defined successful if all markers were recorded throughout a stride.
Then, after a fatigue protocol, another set of 5 successful
walking trials were performed. The mean values of the 5
trials were used for each required parameter.

First using Nexus software, the kinematics and GRF
data were processed and saved with c3d extension. Then
data were imported into Visual 3D software. Knee moments and ROM in sagittal, frontal and horizontal plane
were extracted from the visual 3D software (C-motion
USA). Knee moments were normalized to body weight.
Normal distribution of data was done by KolmogorovSimonov test to evaluate normality of data. The Independent t test was used to compare between group differences on different variables at pretest. Repeated measures
analysis of variance test was also used to show the interaction between factors and groups. Pretest data and
plane (sagittal, frontal, and horizontal) were considered
as a factor. Statistical significance was set at P<0.05 for
all statistical analysis.

3. Results
Table 1 summarizes the differences between flat feet
and healthy groups regarding the knee ROM in sagittal, frontal and horizontal planes. The knee abduction
in flat feet group was significantly greater by 32% than
that in healthy group (P<0.01). The knee flexion and
rotation were not statistically different between two
groups (P>0.05). Figure 2 shows the significant interaction between plane and fatigue factors ROM (P=0.044).
According to the Figure 2, there was no significant difference in knee ROM in sagittal and horizontal plane
between before and after fatigue protocol, but knee
ROM in frontal plane was more at post-test compared
to pretest. Knee ROM in frontal plane increased significantly 1.2 degrees at post-test.
The mean differences of knee moment between two
groups before fatigue protocol are shown in Table 2 According to this table, sagittal and horizontal knee moment
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Table 1. Knee ROM (Mean±SD) between flat feet and healthy groups before fatigue (degrees)
Side

Right knee

Left knee

Mean±SD

ROM

P

Sig.

62.24±1.72

-1.499

0.15

9.37±2.54

6.38±1.41

3.265

0.01*

Rotation

3.74±1.90

3.06±1.02

0.991

0.33

Flexion

61.54±2.85

62.04±1.78

-0.477

0.64

Abduction

9.78±1.39

9.80±2.76

-0.019

0.99

Rotation

3.88±1.34

3.09±0.51

1.750

0.10

Flat Feet

Healthy

Flexion

59.45±5.64

Abduction

*: Significant difference between flat feet and healthy groups

was significantly greater in flat feet group compared to
healthy group on the right and left side. Moreover the
first and second peak of adduction knee moment in frontal plane were significantly greater in flat feet group on
the left side. Figure 3 displays the interaction of knee
adduction moment between groups and fatigue. According to Figure 3, before fatigue protocol knee moment
adductor of healthy group was significantly lower than
that of flat feet group, but after fatigue protocol knee adductor moment did not change significantly between two
groups. Adductor moment increased 0.08 Nm/BW after
fatigue protocol in the healthy group.

4. Discussion
This study aimed to assess the effect of fatigue on knee
moment kinematics and kinetics in flat feet people during walking. Our study results showed that knee ROM
of the flatfeet group in frontal plane was significantly

higher than that of the healthy group (P=0.00). In the
flatfeet group, the knee moment in sagittal, frontal and
horizontal plan was significantly greater by 0.86, 0.02
and 0.13 Nm/BW, respectively.
The results showed that the knee adduction ROM in the
flat feet group was significantly higher than that of the
healthy group. The flat feet group walked with excessive
pronation and hind foot eversion. The excessive pronation of the foot was accompanied by an increased leg
and thigh internal rotation [23, 24]. Hind foot eversion
can also lead to increase knee ROM in frontal plan [25].
So these factors can increase knee joint motion in frontal
plan. Based on the results, knee motion in frontal plane
increased significantly in flatfeet group compared to the
healthy group at post-test.
In this study, there was no significant difference in sagittal
and horizontal planes of knee ROM before fatigue protocol.

70
60

Degree

50
40
Poat-test
30

Pre-test

20
10
0
Sagittal

Frontal

Horizental

Figure 2. The interaction between plane and fatigue ROM

144

Farahpour N, et al. Effect of Fatigue on Knee Kinematics and Kinetics During Walking in Individuals With Flat Feet. PTJ. 2017; 7(3):141-148.

October 2017. Volume 7. Number 3

Table 2. The mean differences of knee moment between two groups (Nm/BW) before fatigue protocol (t-test results)
Side

Left

Right

Plane

Flat Feet (Mean±SD)

Healthy (Mean±SD)

Sig.

Sagittal

1.46±0.55

0.71±0.28

0.002*

First peak frontal

1.19±0.28

0.94±0.06

0.016*

Valley frontal

0.69±0.18

0.52±0.19

0.069

Second peak frontal

1.20±0.26

0.94±0.11

0.013*

Horizontal

0.29±0.05

0.10±0.02

0.001*

Sagittal

1.48±0.65

0.61±0.29

0.002*

First peak frontal

0.45±0.08

0.54±0.10

0.062

Valley frontal

0.21±0.02

0.20±0.10

0.686

Second peak frontal

0.41±0.03

0.45±0.17

0.458

Horizontal

0.23±0.04

0.05±0.03

0.001*

*: Significant difference between flat feet and healthy groups in both right and left feet

Bultd et al. also reported no significant difference in the knee
extension joint angle between the healthy and flatfeet groups,
which was in line with the results of this study [26]. Although
they observed more external rotation in the flatfeet group
compared to the normal group, which was contradicted with
the results of this study.
The results also showed that before fatigue protocol,
extensor, adductor, and internal rotator moment of the
flat feet group were significantly higher than that of the
healthy group, that matches with the study results of
Buldt and associates [26]. They showed that the knee
joint adductor moment in the flat feet group was significantly higher than that of the healthy group [26].

The knee ROM in the frontal plane was significantly
higher in the flat feet group compared to the healthy
group. Increasing the range of knee joint motion in the
frontal plane, along with increased knee joint adduction moment, can increase the pressure on the medial
compartment of the knee joint and lead to increased cumulative forces participating in the destruction of knee
articular cartilage. Although fewer studies have been
conducted on the knee joint internal rotation ROM in
the flat feet group, it is generally believed that rotational
changes in the knee joint and applied load on knee cartilage are the basis for the onset of knee joint arthritis [27].

0.80
0.70
0.60

Nm/BW

0.50
0.40

Flat foot

0.30

Healthy

0.20
0.10
0.00
Pre-test

Poat-test

Figure 3. The interaction of knee moment adduction between group and fatigue
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Landry et al. reported an increased external rotational
moment in individuals with knee osteoarthritis [28].
Mundermann et al. (2000) reported that increased knee
adduction moment applied load on the medial compartment of the knee and possibly the change in rotational
and adductor moment changes knee screw-home mechanism and can increase the risk of arthritic injury in flat
feet group [29].
After fatigue, the knee joint ROM was higher in the
frontal and horizontal planes of the flat feet group compared to the healthy group. On the contrary, knee joint
moment of the flat feet group decreased, while the knee
joint muscle moment of the healthy group increased
after fatigue. Before the fatigue, the flat feet group
showed increased muscle moment compared to the
healthy group. Running with higher muscle moment
while performing the fatigue protocol, may increase fatigue in the flat feet group more than that of the healthy
group, so the flat feet group produced less moment at
the end of the post-test compared to the healthy group
because of more fatigue in their muscles.
Reducing muscle moment can increase knee joint
ROM. The result of this study showed an increase in
frontal and horizontal knee ROM after fatigue protocol
in the flat feet group. Murdock et al. found that a high intensity quadriceps fatigue protocol resulted in decreased
knee external rotation moment and increased external
rotation angle. After fatigue, changes in muscle activation patterns were consistent with the biomechanical
changes [30]. Parijat et al. examined the effect of lower
extremity fatigue on gait variables of the healthy young
adults. They found a significant decrease in peak knee
joint moment during fatigue trials [13].
Other researchers showed that the activity of hamstring
and quadriceps muscles would decrease after fatigue,
due to the reduction of the knee moment, change in the
muscle force production and the pattern of the muscle
activity after fatigue. These mechanical changes reduce
stabilizer forces with fatigue induced on the knee [30],
so lower muscle activity and changes in muscle forces
production pattern after fatigue will expose more knee
joints to cumulative loads.
The knee moments in all planes were significantly
higher in the flat feet group compared to the healthy
group in the pretest. Knee flexion and abduction moments decrease in the flat feet group due to fatigue and
knee ROM increase in sagittal and frontal plane. The decreased knee muscle moments may result in an increased
loading on the knee joint. It appears that the knee of flat
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feet individuals might be at the risk of pathology and injury at extreme exhausting activities.
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