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Abstract 

Background:  Toe-out gait is often used as a conservative technique to reduce knee adduction moment, which has 
been targeted to modify knee osteoarthritis progression. The center of pressure (COP) can not only be used to evalu-
ate gait stability, but is also more reliable and practical than local plantar pressures as it does not depend on accurate 
foot zone divisions. However, to the authors’ knowledge, few study has reported the influence of the foot progression 
angle on the dynamic characteristics of the COP.

Research question:  The aim of the study was to investigate the effects of the deliberately toe-out gait on the COP 
trajectory and stability during walking in healthy individuals.

Methods:  Thirty healthy young adults were asked to walk along an 8-m walkway. A Footscan 1 m pressure plate was 
used to measure the center of pressure during walking.

Results:  Compared to the normal gait, the COP of the toe-out gait shifted laterally during the initial contact phase, 
and shifted laterally and anteriorly during the forefoot contact phase. The mean anterior–posterior velocity of COP 
reduced by 0.109 m/s during the foot flat phase and the duration of the foot flat phase and forefoot push off phase 
increased by 4.5% and reduced by 7.0%, respectively.

Significance:  Compared to the normal gait, the findings of this study suggest that biomechanical alteration of foot 
under our experimental conditions may decrease gait stability and increase forefoot load during toe-out walking. The 
situation may be improved by well-designed footwear or custom-made insole and the biomechanics analysis method 
can be used to test the efficacy of therapeutic footwear or insole for individuals with deliberately toe-out walking.
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1  Introduction
The knee joint bears and transmits weight during daily 
activities, but excessive knee loading increases the risk of 
knee osteoarthritis (OA) [1]. The lifetime risk of symp-
tomatic knee OA is 44.7% [2]. The high prevalence and 
burden of knee OA have led to increased efforts to inves-
tigate factors underlying knee OA pathology, progres-
sion and intervention [3]. The medial compartment of 
the knee transmits the majority of load during walking 
in healthy knees. Consequently, medial knee OA is more 
prevalent than lateral knee OA, due to excessive loading 
in the medial compartment of knee [4].

Knee adduction moment (KAM) is a well-acknowl-
edged representative measure of knee joint loading [1] 
and lowering the KAM has therefore been targeted 
to manage knee OA progression. The knee adduction 
moment is the product of the ground reaction force 
(GRF) vector in the frontal plane and the perpendicular 
distance from this vector to the knee joint center [4]. One 
of the conservative techniques to reduce KAM is alter-
ing the gait pattern, commonly called gait modification/
retraining technique, which includes modification in 
walking speed and changing the foot progression angle. 
Toe-out gait, which increases the foot progression angle, 
shifts the GRF vector closer to the knee joint center, 
decreasing the knee adduction moment arm. In such 
way, the KAM can be reduced [4]. The foot progression 
angle is potentially modifiable using gait training or foot 
orthotics of 2  weeks [5]. More specifically, toe-out gait 
decreases the adduction moment during the late stance 
of gait to reduce the loading on the medial compartment 
of knee in individuals with medial knee OA [6].

A toe-out gait can be theoretically caused by any com-
bination of increased external rotation of the thigh, lower 
leg, or foot segments [7]. The entire lower limbs acts as 
a linked kinetic and kinematic unit; hence, alterations 
at any joint can have an influence on loading patterns of 
lower limbs during walking [8]. Though a toe-out gait is 

benefit for modifying knee osteoarthritis progression, 
its effect on foot kinetics remains unclear. As walking is 
the most common activity of daily living [9], investiga-
tions are required to evaluate the effect of a toe-out gait 
on the kinetics of the foot in healthy individuals. The 
plantar pressure distribution of toe-out walking is well 
documented for children with and without neuromuscu-
lar diseases, adults with and without diabetic foot lesion 
[10–13]. This pressure distribution is often evaluated by 
comparing the peak/mean pressure on different plantar 
regions, which is not time-dependent variables and con-
tain minimal information on the dynamic foot function 
during gait. Furthermore, the precision of plantar region 
division has a significant impact on the pressure distri-
bution results [14, 15], but a consistent division across 
all participants is difficult to achieve. Compared to the 
regional plantar pressure analysis, the analysis of the 
center of pressure (COP) trajectory is more practical and 
reliable, and also represents the plantar pressure distribu-
tion over time [16].

A toe-out gait changes the plantar COP trajectory dur-
ing walking [17]. The positional changes of the COP as 
small as 2 mm with respect to the subtalar joint axis may 
alter the balance of moments acting across the subtalar 
joint axis, so that a normal foot may begin to malfunc-
tion and develop pathologies [18]. In addition, the COP 
variables have been used to investigate medial–lateral 
stability of the foot [19]. It has been reported that toe-out 
would increase fall risk when combined with knee brace 
[20]. However, to the authors’ knowledge, few study has 
reported the influence of the foot progression angle on 
the stability during walking.

Therefore, the aim of the study was to investigate the 
effects of deliberately walking toe-out on the kinetics 
of the foot and stability in healthy individuals. Potential 
findings may provide a better understanding of the bio-
mechanical factors associated with a toe-out gait, which 
provided a basis of clinical intervention for individuals 
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with a toe-out gait to attain rational plantar pressure 
distribution and reduce fall risk. The characteristics of 
COP trajectories may have implications for assessing 
footwear or customized insoles of individuals with toe-
out walking. As a toe-out gait shifts loading distally dur-
ing walking [12] and increases fall risk when combined 
with a knee brace [20], we hypothesized that there was 
a different displacement of the COP moving in heel-to-
toe direction between deliberate toe-out gait and normal 
gait, and that the former could reduce gait stability.

2 � Methods
2.1 � Participants
An a priori sample size calculation was performed 
based on our variability from unpublished pilot data. 
With a power of 80% and an α level of 0.05, a minimum 
sample size of 26 participants was required. A total 
of thirty healthy young adults (25 males and 5 females, 
with mean ± SD age: 21.4 ± 0.9, Body mass index: 
21.2 ± 2.4  kg/m2) were recruited from the campus. All 
of them gave informed consent and participated in this 
study. None of the participants had any lower extremity 
injuries for the last 6 months prior to testing.

2.2 � Materials and apparatus
When measure from a transducer matrix pressure plate, 
the COP is determined by calculating the centroid of 
the total number of active transducers for each data 
sample collected, the position of the participants’ foot 
is always known [21]. A 1-m Footscan pressure plate 
(RSscan International, Belgium, 1068 × 418 × 12  mm, 
with 8192 resistive sensors arranged in a 128 × 64 matrix 
at a resolution of 2 sensors/cm2, sensor dimensions: 
5.08 mm × 7.62 mm, and pressure range: 0–127 N/cm2) 
was located in the middle of an 8-m walkway to pro-
vide the determination of COP and the foot progression 
angle. The system was used to record COP coordinates 
at a measurement frequency of 250  Hz. Displacement 
of COP in the medial–lateral direction was defined with 
respect to the x-axis, perpendicular to the longitudinal 
foot axis. This longitudinal foot axis was defined as the 
line from mid-heel to forefoot, between metatarsal head 
2 and 3. Because only the transducers that have contact 
with the foot are excited, the plantar pressure outline 
is clarity and the forefoot (or metatarsal head) and heel 
were easily discernable.

2.3 � Procedures
Participants were asked to walk barefoot along an 8-m 
walkway, with an integrated 1 m pressure plate, at their 
self-selected speeds. After a period of practice to allow 
familiarity, participants performed walking trials with 
their natural foot progression angle. A verbal and visual 

demonstration of toe-out gait was provided and partici-
pants were then asked to walk with their feet turned out-
wards intentionally, to a comfortable degree. The angle 
achieved was therefore self-selected [22]. Five walking 
trials of each participant in natural foot progression angle 
and toe-out were recorded.

2.4 � Data analysis
According to the study [23, 24], there was no significance 
difference of COP between left and right foot. The aver-
age COP data of selected three steps with the left feet 
landed on the pressure plate completely of each condi-
tion for each participant was used for data analysis. The 
COP data analyses were performed on the left foot. The 
toe-out angle is the intersection angle of foot axis direc-
tion related to the gait direction and the data were pro-
cessed using footscan® analysis software to determine 
each individual’s normal and self-selected toe-out angle 
during walking.

The stance phase was divided into four phases from 
dynamic pressure-based footprints by the footscan® 
analysis software. These phases are the initial contact 
phase (ICP), the forefoot contact phase (FFCP), the foot 
flat phase (FFP) and the forefoot push-off phase (FFPOP). 
The ICP is from the first foot contact until first metatar-
sal contact with the pressure plate. The FFCP follows the 
ICP and ends with all metatarsal head areas contacting 
with the plate. The FFP is the period from all metatarsals 
contact until the heel is off the plate, and the FFPOP is 
the last subphase of the stance.

Normalization of the COP medial–lateral and ante-
rior–posterior displacements was performed, with 
respect to each individual’s foot width or foot length, 
respectively [23]. The medial–lateral and anterior–pos-
terior COP velocity were calculated with the x- and 
y-coordinates displacements divided by the elapsed time 
between measurements respectively. Mean displace-
ments of the COP were plotted on the “standard foot”, 
which was calculated as the average of foot length and 
width of all participants [25]. When comparing the time 
spending on the sub-phase of gait, all trials were nor-
malized to the total contact time. The range of the COP 
excursion and velocity was calculated as the absolute dif-
ference between the largest and smallest x-, y-coordinate 
and COP velocity respectively during the corresponding 
phase. The x- and y coordinates were calculated to the 
relative x-, y-coordinates and plotted as COP trajectory 
with polynomial interpolation in Matlab version 2009b 
(Mathworks Inc.).

Statistical analyses were performed using SPSS ver-
sion 22. Each parameter was evaluated for normality, if a 
measure did not achieve normality after transformation, 
Wilcoxon Signed Ranks Test were performed. Paired 
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samples t-test was only used to test the foot rotation 
angle between two conditions. The test was performed to 
ensure that the foot progression angles between two con-
ditions were statistically different. Differences between 
toe-out and normal gait were assessed using paired sam-
ples t-test to determine the effect of the toe-out gait on 
the walking speed and COP characteristics. Significant 
differences between the two conditions were considered 

if p < 0.05. Cohen’s d effect size (ESd) was calculated, 
where effect sizes between 0.20 and 0.33 were considered 
small, between 0.33 and 0.50 were medium and above 0.5 
were considered high [26].

3 � Results
There was a significant difference in the self-selected 
walking speed between two conditions (p = 0.013, 
ESd = 0.48), with 0.98 ± 0.12  m/s for toe-out and 
1.02 ± 0.1 m/s for normal gait. The foot progression angle 
of toe-out walking was significantly higher (p < 0.001, 
ESd = 3.19) than normal gait, with 29.8 ± 5.7° for toe-out 
and 13.2 ± 5.5° for normal gait.

Foot length and foot width for all participants 
were averaged as the "standard foot" with foot length 
25.3 ± 1.3 cm and foot width 7.0 ± 1.1 cm. The trajectory 
of COP for the toe-out and the normal gait are shown in 
Fig. 1. Comparisons in the medial–lateral and anterior–
posterior COP parameters between the toe-out and the 
normal gait are shown in Tables 1 and 2, respectively.

The y-axis is the longitudinal axis of the foot, and x-axis 
is perpendicular to the longitudinal foot axis. Sub-classi-
fied phases are ICP, FFCP, FFP and FFPOP.

Compared to the normal gait, the toe-out gait shifted 
the COP trajectory laterally during the first half and 
then medially during the second half of the stance 
phase. More specifically, with a toe-out gait, the mean 
and maximum displacements of COP in medial–lat-
eral direction for toe-out were increased by 3.2  mm 

Fig. 1  The trajectory of COP of toe-out and normal gait. The y-axis 
is the longitudinal axis of the foot, and x-axis is perpendicular to the 
longitudinal foot axis. Sub-classified phases are ICP, FFCP, FFP and 
FFPOP

Table 1  Comparison of ML-COP deviation and velocity between toe-out and normal gait

Values are expressed as mean ± standard deviation ML-COP: COP in medial–lateral direction

ICP: Initial contact phase, FFCP: forefoot contact phase, FFP: foot flat phase, FFPOP: forefoot push off phase
* Significant difference, p < 0.05, ** very significant difference, p < 0.001

Deviation (mm) Velocity (m/s)

Toe-out Normal p ESd Toe-out Normal p ESd

ML-COP mean

ICP 11.9 ± 5.9 8.7 ± 4.2 0.000** 0.68 0.170 ± 0.098 0.160 ± 0.089 0.639 0.09

FFCP 12.0 ± 5.5 8.9 ± 3.8 0.001** 0.72 0.082 ± 0.044 0.073 ± 0.026 0.228 0.22

FFP 11.5 ± 5.9 11.4 ± 5.7 0.925 0.02 0.066 ± 0.038 0.075 ± 0.03 0.212 0.23

FFPOP 8.9 ± 2.6 8.1 ± 2.9 0.135 0.28 0.155 ± 0.038 0.147 ± 0.041 0.255 0.21

ML-COP max

ICP 14.2 ± 6.4 11.1 ± 4.5 0.002** 0.56 0.560 ± 0.326 0.516 ± 0.295 0.545 0.11

FFCP 14.0 ± 6.5 10.6 ± 4.4 0.003** 0.62 0.341 ± 0.355 0.248 ± 0.129 0.145 0.29

FFP 14.8 ± 5.9 14.6 ± 6.3 0.873 0.03 0.312 ± 0.286 0.304 ± 0.152 0.887 0.04

FFPOP 26.0 ± 7.2 25.0 ± 8.1 0.318 0.10 1.128 ± 0.569 1.234 ± 0.484 0.327 0.18

ML-COP range

ICP 4.2 ± 2.7 4.0 ± 1.9 0.700 0.07 0.765 ± 0.476 0.700 ± 0.365 0.559 0.11

FFCP 4.3 ± 3.4 3.5 ± 2.4 0.254 0.21 0.481 ± 0.399 0.382 ± 0.215 0.134 0.02

FFP 8 ± 4.5 7.5 ± 4 0.686 0.11 0.464 ± 0.313 0.514 ± 0.276 0.473 0.13

FFPOP 33.6 ± 11.1 33.7 ± 12.6 0.938 0.01 1.486 ± 0.739 1.628 ± 0.599 0.339 0.18
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and 3.1  mm during the ICP, respectively; increased 
by 3.1 mm and 3.4 mm during the FFCP, respectively. 
There were no significant differences in the range of 
COP displacements and the COP velocity in medial–
lateral direction between toe-out and normal gait.

It has been shown in Table 2 that the anterior–pos-
terior at the terminational contact point of the ICP 
and the mean of the FFCP for the toe-out gait was 
increased compared to the normal gait, suggesting that 
the COP was displaced anteriorly in these two phases. 
More specifically, the maximum and range displace-
ment of COP in anterior–posterior direction for the 
toe-out walking was increased by 11.6 and 3.6  mm 
during the ICP, respectively. The mean displacements 
of anterior–posterior COP for the toe-out gait was 
increased by 13.4 mm during the FFCP. The maximum 
displacement of anterior–posterior COP for the toe-
out gait was decreased by 4.6 mm during the FFPOP.

The mean, maximum and range of COP velocity in 
anterior–posterior direction were reduced by 0.109, 
0.568 and 0.543  m/s respectively for the toe-out gait 
during the FFP, compared to the normal gait.

Comparisons of the time percentage of different 
phases between two conditions are shown in Table  3. 
For the toe-out gait, the time spent on the FFP was 
increased by 4.5% and on the FFPOP was reduced by 
7.0%, compared to the normal gait.

4 � Discussion
This study compared the COP trajectory between a toe-
out gait and a normal gait. Compared to the normal 
gait, people walking with a toe-out gait had a slower 
preferred walking speed, and an altered COP trajectory 
during walking, which shifted laterally and anteriorly 
during the ICP and FFCP, and shifted posteriorly at the 
terminal contact. For the toe-out gait, the COP veloc-
ity in the anterior–posterior direction was reduced 
during the FFP, and the time spent on the FFPOP was 
shortened.

COP excursions along the medial–lateral direction 
mainly depend on the inversion-eversion movements of 
the foot, which influence gait stability control, energy 
storage, and propulsion efficiency. Such movements 

Table 2  Comparison of AP-COP deviation and velocity between toe-out and normal gait

Values are expressed as mean ± standard deviation. ML-COP: COP in medial–lateral direction; AP-COP: COP in anterior–posterior direction

ICP: initial contact phase, FFCP: forefoot contact phase, FFP: foot flat phase, FFPOP: forefoot push off phase
* Significant difference, p < 0.05, ** very significant difference, p < 0.001

Deviation (mm) Velocity (cm/s)

Toe-out Normal p ESd Toe-out Normal p ESd

AP-COP mean

ICP 39.8 ± 31.7 30.6 ± 8.6 0.106 0.36 0.507 ± 0.443 0.214 ± 0.215 0.072 0.44

FFCP 72.9 ± 24.7 59.9 ± 14.4 0.008** 0.53 0.501 ± 0.043 0.570 ± 0.060 0.192 0.17

FFP 126.7 ± 16.9 129.9 ± 20.6 0.658 0.13 0.400 ± 0.032 0.509 ± 0.040 0.000** 0.95

FFPOP 196.5 ± 7.1 197 ± 4.5 0.719 0.08 0.249 ± 0.066 0.238 ± 0.011 0.120 0.29

AP-COP max

ICP 49.0 ± 31 37.4 ± 9.6 0.008** 0.47 1.571 ± 1.562 0.622 ± 0.837 0.185 0.40

FFCP 90.9 ± 27.7 79.0 ± 23 0.082 0.35 1.880 ± 0.177 1.711 ± 1.65 0.766 0.13

FFP 174.8 ± 14.6 177.7 ± 8.1 0.644 0.18 1.693 ± 0.238 2.261 ± 0.225 0.003** 0.33

FFPOP 236.5 ± 13.8 241.1 ± 12.1 0.020* 0.41 2.057 ± 0.868 1.948 ± 0.095 0.558 0.20

AP-COP range

ICP 17.1 ± 8 13.5 ± 5.7 0.036* 0.43 1.665 ± 1.604 0.687 ± 0.991 0.072 0.38

FFCP 40.8 ± 19.8 41.0 ± 22.5 0.968 0.01 2.149 ± 0.219 2.009 ± 0.251 0.192 0.08

FFP 86.7 ± 26.5 98.1 ± 23.3 0.081 0.33 1.954 ± 0.261 2.497 ± 0.244 0.000** 0.29

FFPOP 61.2 ± 19.6 63.1 ± 15.4 0.585 0.10 2.26.8 ± 0.963 2.166 ± 0.117 0.120 0.18

Table 3  Time comparisons between toe-out and normal gait

Values are expressed as mean ± standard deviation

ICP: Initial contact phase, FFCP: forefoot contact phase, FFP: foot flat phase, 
FFPOP: forefoot push off phase
* Significant difference, p < 0.05
** Very Significant difference, p < 0.001

Toe-out (%) Normal (%) P ESd

ICP 6.3 ± 2.5 6.7 ± 2.2 0.262 0.16

FFCP 16.4 ± 7.5 13.6 ± 7.3 0.102 0.31

FFP 38.4 ± 13.8 33.9 ± 10 0.032* 0.49

FFPOP 38.9 ± 9.1 45.9 ± 8.9 0.000** 1.03
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were performed by subtalar and minor foot joints in 
the frontal and transversal planes [27]. Our results sug-
gested that the COP trajectory showed a lateral shift 
during the ICP and FFCP with a large effect size, com-
pared to the normal gait. This result agreed with the 
plantar pressure pattern of the individuals with medial 
knee osteoarthritis [8], suggesting a higher risk of 
medial knee osteoarthritis. A lateral shift of the COP 
revealed that the foot had significant heel inversion. 
The deliberately toe-out gait inhibited the medial foot 
contact during the ICP and FFCP, resulting in transfer-
ring the load from the rearfoot to forefoot through the 
lateral side of the foot in comparison with the normal 
gait. The period of the FFCP almost corresponds with 
the change from bipedal to unipedal support, which 
presents a dynamic challenge to balance. The lateral 
shift of the COP during the FFCP was associated with 
the decrease of foot stability [28], which agreed with 
reductions in balance with a toe-out gait in previous 
studies [20, 29]. Furthermore, individuals with a toe-
out gait have a slower walking speed than individuals 
with a normal gait, which might reflect a compensatory 
strategies for enhancing gait stability [30].

The change of the COP pattern has different forms 
and may be showed in different parameter. We found 
that both mean and maximum of the COP in the ante-
rior–posterior direction were important for evaluating 
the plantar pressure pattern. For example, significant dif-
ferences in the maximum values of the COP were found 
during the ICP in toe-out gait, but not in the mean values 
of the COP in anterior–posterior direction (Table 2). This 
trend was reversed for the values during the FFCP. The 
anterior–posterior direction COP moves forward during 
the whole stance phase generally, the maximum of COP 
in anterior–posterior direction was the cumulative result 
while the mean was the overall condition four phases.

As the COP is, in part, determined by the force applica-
tion during the stance phase, which represents the spatial 
relationship between plantar pressure distribution and 
the entire plantar surface of the foot [31], it is reasonable 
to consider the displacements of the COP as the reflec-
tion of foot loading patterns. Spatial evolution of COP 
along the longitudinal axis of the foot mainly depended 
on the articular mobility in the sagittal plane [27]. It has 
been reported that the forefoot loading was increased in 
a forwardly displaced COP during gait [32]. Compared to 
a normal gait, the anterior–posterior COP in a toe-out 
gait showed an anterior shift during the ICP and FFCP 
with a medium and large effect size, respectively, which 
agreed with that of Jenkyn etal [3]. It was indicative of a 
load shift from the reafoot/midfoot to the midfoot/fore-
foot, respectively. The COP movement from the heel to 
toe and the orientation of GRF permit the lever arm to 

stay within the efficient working range of ankle muscles 
and tendons [33]. During the FFCP, the ankle plantar-
flexed [25]. An anterior shift of the COP changed the 
lever arm of the GRF about the talocrural joint axis [34], 
resulting in an increased magnitude of joint moment 
[35]. To maintain equilibrium, there must be an equal 
moment produced by ankle muscles and tendons. Con-
sequently, this may increase the stress in associated foot 
structures, contributing to pathologies in ankle [19].

Under the condition of the COP in anterior–posterior 
direction anterior shift in toe-out during the FFCP. Larg-
est effects were noted with the reduced anterior–poste-
rior mean velocity of COP in the toe-out during the FFP, 
resulting in the similar anterior–posterior mean position 
of the COP during the FFP and FFPOP, compared to the 
normal gait. The subtalar joint inversion locks the trans-
verse tarsal joint, which causes the plantar aponeuro-
sis to create a rigid structure for propulsion during the 
FFP [25]. Compared to the normal gait, the toe-out gait 
caused a reduction of the mean anterior–posterior COP 
velocity during the FFP by as high as 21.4% and did not 
alter the COP velocity during the remaining three phases. 
As the reduction of the COP velocity during the FFP 
was considerably larger than the walking speed reduc-
tion, i.e. 3.9%, we believed that this reduction was mainly 
caused by the toe-out gait instead of the walking speed. 
A slower anterior–posterior COP velocity during the FFP 
indicated that there might be a challenge for the foot to 
change from a flexible to a rigid structure to guarantee 
an efficient progression of the body when adopting a toe-
out gait. With the decreasing anterior–posterior velocity 
of COP in toe-out during FFP, the duration of load expo-
sure to the forefoot increased, and coupled with the par-
tial load shifting to the forefoot. This indicated that the 
toe-out pattern tends to put more load on the forefoot. 
Peripheral neuropathy and increased plantar pressures 
are the most significant risk factors in the development 
of foot ulceration, while the main strategy of managing 
neuropathic ulceration are reduction of plantar pres-
sures. The forefoot usually has high plantar pressures and 
the partial load shifting to the forefoot may increase the 
risk of development of ulceration in this discrete region, 
which may increase the probability of development of 
ulceration in diabetic population [36].

As all trials were normalized to the total contact time, 
the influence of the walking speed on the duration per-
centage of four phases of stance was minimal. Foot 
roll-over timing of four phases of stance enables meas-
urements of the medial–lateral and anterior–posterior 
behavior of the foot, which is important to distinguish 
toe-out from normal gait. Foot roll-over time is also 
important for a comprehensive analysis of foot muscular 
activities [37]. Compared to normal gait, walking with 
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toe-out gait had a later heel off with 61.9% of total foot 
contact time in toe-out against 54.2% in normal gait.

The front part of FFPOP corresponds with the termi-
nal stance, which enables the single limb to support body 
weight and progress body beyond the supporting foot. A 
later heel off with toe-out gait indicated a later rearfoot-
forefoot body weight transfer, while reduction of weight 
on the trailing limb allows the ankle to planter flex. The 
rear part of FFPOP corresponds with the pre-swing 
phase, which is the second double stance interval with 
all the motion and muscle action occurring at this time 
relate for accelerate progression. Walking speed influ-
ences the duration of subdivision of stance, the faster of 
the walking speed, the longer of single stance and the 
shorter of the second double stance interval [38]. Com-
pared to normal gait, people walking in toe-out gait had 
a slower walking speed, but the longer of single stance in 
FFP and the shorter of the FFPOP appeared. The shorter 
duration of the FFPOP may induce decrease of propulsive 
impulse, which reduces walking speed. For finishing the 
function of the FFPOP in shorter duration, increase the 
plantarflexor muscular control demand [33]. Compared 
to the normal gait, this may be related to the reduction 
of 4.6  mm terminal point of COP in anterior–posterior 
direction for the toe-out gait.

A toe-out gait is often used as a conservative technique 
to reduce the progression of knee osteoarthritis, but it 
also decreases foot stability. It remains unclear whether 
or not the stability can be improved with well-designed 
of footwear or custom-made insoles, and which footwear 
characteristics are important for individuals with a toe-
out gait. The effect of footwear/insole on gait stability 
largely depends on the characteristics of footwear/insole 
structure. An optimized design of a footwear or custom-
made insole can improve plantar pressure distribution 
and the COP trajectory. Consequently, using the COP 
parameters as biomechanical feedback can improve foot-
wear/insole design. It is proposed that footwear/insole 
design modification is required until an optimal COP 
parameters during gait have been reached [39].

Knowing the biomechanical characteristics of a toe-
out gait can provide insights into footwear/insole design 
to improve gait stability. The heel acts as a rocker dur-
ing ICP and FFCP [38]. As weight bearing stability is 
required during the FFCP, it is important to have a good 
fit between the heel and footwear/insole to ensure the 
function of the heel rocker. In such situation, a heel cup 
matching the contour of the heel can improve heel fitting 
and an arch support can redound to a smooth continu-
ous forward progression of the COP during FFCP. The 
medial–lateral displacement of the COP during FFCP 
has been used as a measure of stability control, which 
reflected the rocker action [40]. When excessive foot 

motions occur, a heel cup may generate forces to restrain 
it. The foot makes contacts with the arch support at the 
initial stage of FFCP, which can restrict rapid medial–
lateral velocity of COP and make the process of weight 
transfer more stably and smoothly. The small lateral shift 
and relatively normal medial–lateral velocity of COP 
indicates the rocker action flows smoothly, which may 
improve gait stability and reduce the mechanical risk of 
knee osteoarthritis [8]. Adding an arch support to a heel 
lift has also been proven to reduce the medial–lateral 
velocity of COP, and thus improves gait stability [28].

The results also provide implications for footwear/
insole design to improve load distribution of the foot 
for people with a toe-out gait. A toe-out gait puts more 
load on the forefoot and increased the demand of ankle 
plantar flexor muscles control during FFP [39]. The plan-
tar load can be redistributed via biomechanical manipu-
lations of footwear or custom-made insoles [41]. For 
instance, a well-designed footwear-foot interface shape or 
custom-made insoles contour may redistribute the plan-
tar pressure. For the midfoot, an arch support has been 
shown to improve stability control as well as reducing 
the forefoot load, as it can partially transfer the load from 
the forefoot to midfoot [28, 42]. For the forefoot, a tilted 
forefoot inner sole/ a wedged forefoot insole component 
may shift the load from the lateral to the medial forefoot, 
to facilitate an efficient load transfer during the FFP and 
consequently improve foot roll-off function. Altering 
these structures of a footwear/insole may benefit people 
who need to adopt a toe-out gait, e.g., patients with knee 
osteoarthritis. And the proposed biomechanical analysis 
method can be used to test the efficacy of therapeutic 
footwear or insole on improving foot dynamic function.

Two limitations arising from the current study should 
be noted. The participants of this study were young 
healthy participants with a normal gait pattern. As age 
has an influence on the COP trajectory, the results of the 
study are valid only for young adults. The participants of 
this study had not been systematically trained to walk 
with a toe-out pattern. As the foot progression angle may 
be modified by a long-term gait training, further studies 
are needed to compare the results for healthy individu-
als before and after a toe-out gait training with providing 
different foot progression angles [43].

In conclusion, the detailed comparison of the COP 
between toe-out and normal gait suggests that the dis-
placement and velocity of COP in medial–lateral and 
anterior–posterior direction can be used for the assess-
ment of the gait characteristics for toe-out walking. The 
results of this study may provide insights into the biome-
chanical effects of modifying the foot progression angle 
to lower the knee osteoarthritis incidence rate or mod-
ify osteoarthritis progression. Under our experimental 
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conditions, biomechanical alterations of foot in toe-
out gait may cause stability decreases and forefoot load 
increases, which may be improved by well-designed foot-
wear or custom-made insoles. The approach of analyz-
ing the COP trajectory can be used to test the efficacy of 
therapeutic footwear or insoles for individuals with a toe-
out gait.
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