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1. Introduction

Knee osteoarthritis is the most common musculoskeletal disease
affecting middle-aged and older people. Previous studies reported that
the factors that influence the progression of knee osteoarthritis are pain
[1], age [1], varus-valgus alignment [2] [3], metabolic syndrome [4],
obesity [5] [6], and diabetes [7]. Among these factors, varus alignment
is one of the most important factors that influence medial compartment
knee osteoarthritis [8]. Excessive varus alignment increases the me-
chanical load to the medial compartment of the knee during activities
of daily living such as walking and ascending and descending stairs [9].
Because the contact pressure in the medial knee joint is highly corre-
lated with the knee adduction moment (which is easy to measure with a
motion capture system and force plates), the adduction moment has
been used as an index of contact pressure in the medial knee joint [10].
Previous research indicated that the knee adduction moment increased
during walking more in people with knee osteoarthritis than in subjects
with healthy knees [11], and the increase in the knee adduction mo-
ment correlated with narrowing of the knee joint space and increased
knee pain [12] [13].

It has been reported that the knee adduction moment during
walking is influenced not only by varus alignment of the knee but also
by the foot progression angle [9] [14]. These studies reported that the
toe-out angle explains approximately 10% of the variation in the peak
knee adduction moment. Based on these reports, studies have recently
focused on modifying the gait pattern to decrease the knee adduction
moment while walking. The knee adduction moment during walking is

bimodal, and it is divided into a first peak during the early stance phase
and a second peak during the late stance phase. Van den Noort and
Soobia reported that the toe-in gait reduces the first peak knee ad-
duction moment during walking in healthy subjects [15] [16], and the
same effects were confirmed in patients with medial compartment knee
osteoarthritis [17] [18]. Several studies have also shown that toe-out
gait is effective in reducing the second peak knee adduction moment
[19] [20]. In those studies that focused on gait modification, the reason
the knee adduction moment decreased was thought to be because the
direction of the ground reaction force vector and the position of the
center of foot pressure are changed by the toe-in or toe-out gait, and the
vector and the center of the knee joint are close to one another. How-
ever, there have been only a few reports on stair-climbing motion—a
movement used frequently during activities of daily living—which
creates a higher load on the knee joint than walking [21] [22]. Because
the knee and trunk are more flexed during stair climbing than when
walking, changes in the knee adduction moment due to the foot pro-
gression angle may also be different between walking and stair
climbing.

Guo et al. reported that, during stair climbing, toe-out gait reduced
the second peak of the knee adduction moment but increased the first
peak [19]. In contrast, Bennet et al. reported that the toe-in gait re-
duced the first peak knee adduction moment during stair climbing [23].
To our knowledge, however, no reports have directly compared toe-in
and toe-out gaits during stair climbing, and it is not clear which action
is more effective in reducing the knee adduction moment and angular
impulse. Patients with knee osteoarthritis have more pain and difficulty
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with stair climbing than with walking and sit-to-stand movements [24],
suggesting that a reduced mechanical load on the knee joint during stair
climbing might contribute to improving performance and quality of life.
In this study, we investigated the influence of the foot progression angle
on the knee adduction moment and kinematics during stair climbing in
healthy individuals.

2. Methods

2.1. Subjects

Twenty healthy subjects participated in this study (12 men, 8
women; mean ± SD age 21.7 ± 0.6 years; height 168.1 ± 9.2 cm;
body weight 58.9 ± 9.1 kg). They were recruited from the student
population of Hyogo University of Health Sciences. The inclusion cri-
teria were healthy young adults aged 20–30 years without a history of
diabetes or musculoskeletal, neurological, or cardiovascular disorders.
Subjects were excluded if they had any pain in the lower extremity or
trunk joints. All subjects provided written informed consent for the
study. All test protocols were approved by the Ethics Review Board of
Hyogo University of Health Sciences.

2.2. Instrumentation

Three-dimensional kinematics were recorded using an eight-camera
motion capture system (Vicon Nexus; Oxford Metrics Ltd., Oxford, UK)
at a sampling rate of 200 Hz, and a four-force plate (BP400600; AMTI,
Watertown, MA, USA) at a sampling rate of 1000 Hz. Participants wore
close-fitting shorts and t-shirts but no shoes. Reflective markers (14mm
diameter) were placed at the following locations according to the Vicon
Plug-in-gait full-body model marker placement protocol (Vicon; Oxford
Metrics Ltd., Oxford, UK): jugular notch, xiphoid process of the
sternum, seventh cervical and tenth thoracic vertebrae, left and right
acromioclavicular joints, lateral humeral epicondyle, ulnar styloid
process, radial styloid process, third metacarpal head, anterior superior
iliac spine, distal one-third of the lateral thigh, lateral femoral epi-
condyle, mid-point of the lateral shank, lateral malleolus, second me-
tatarsal head, above the tuber of the calcaneus. The stairs consisted of
two steps placed on a force plate. The height of the first and second
steps were 16.5 cm and 33.0 cm, respectively. The treads of the steps
were 40 cm. Ground reaction force data from the first step were used for
kinematic and kinetic analyses.

All subjects could perform the ascending trials without support.
Subjects started ascending the stairs from a standing position. They
were instructed to stand at the position of the first toe 10 cm apart from
the proximal edge of the first step and 10 cm apart from the center line
(Fig. 1.). They were also instructed to ascend at a constant cadence of
90 steps/min. The cadence was determined and monitored using a di-
gital metronome.

2.3. Experimental procedures

Prior to the stair ascent trial, participants performed several practice
trials to adjust to the same cadence at 90 steps/min, and they per-
formed at least five practice trials under each of three foot progression
angles: self-selected normal angle (normal), 15° greater than the self-
selected normal angle (toe-out), and 15° less than the self-selected
normal angle (toe-in) according to the adhesive tape strips placed on
the first step. They were instructed to perform the ascending motion
while looking at the target tapes. The participants then performed three
successful trials under each of the three foot-progression angles. The
order of the three foot-progression angle conditions were randomized
for each participant.

2.4. Data analyses

All kinematic and kinetic data were calculated using Vicon nexus
software. Marker trajectories were low-pass filtered at 6 Hz. Force plate
data were filtered at 50 Hz using a zero-lag fourth-order Butterworth
filter.

Foot progression angles during the stance phase of the first step
were calculated as the angle between the line connecting the calcaneus
and second metatarsal head and the line of forward progression of the
stairs. Stance time was determined as the trial time from the point at
which the right foot initially contacted the first step to the time it was
completely off the first step. We analyzed the calcaneus and second
metatarsal head marker positions at mid-stance (50% point of the
stance phase), the center of pressure position, and the ground reaction
force with three components. The positions of the marker and center of
pressure were expressed by the x coordinate axis indicating the direc-
tion of movement and the y coordinate axis representing the horizontal
direction. The two axes were orthogonal at the center line and the
proximal edge of the first step (Fig. 1).

Joint kinematics and kinetics were generated using an inverse dy-
namics analysis. Ground reaction forces and joint moments were nor-
malized to body weight, and joint moments were expressed as external
moments. The knee adduction angular impulse was calculated as the
area under the normalized knee adduction moment curve over the
stance phase. Variables of interest were peak anterior and posterior
ground reaction forces, first and second peaks of the medial and vertical
ground reaction forces, peak hip flexion, adduction and knee flexion
angles, peak hip flexion, adduction, and knee flexion, first and second
peak knee adduction moments during the stance phase, and knee ad-
duction angular impulses. The first and second peak values of the
medial and vertical ground reaction forces and the knee adduction
moments were identified as the maximum values during the 0–50% and
50–100% of the stance phase, respectively. The center of pressure po-
sitions at the time of the knee adduction moment, indicating the first

Fig. 1. Foot positions when starting (standing on the Land surface) and when
on the first step. The Xlab and Ylab axes show the laboratory coordinates. The
Xlab axis is the center line of the steps, and the Ylab axis is the proximal edge of
the first step. The white circles identify the calcaneus and second metatarsal
head markers. FPA= foot progression angle.
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and second peaks, were also calculated.

2.5. Statistical analyses

The average values of the three successful trials for each participant
were used for statistical analyses. The Shapiro–Wilk test was used to
determine whether datasets were normally distributed. According to
the normality results, a one-way repeated measures analysis of variance
or Friedman’s test was used to analyze the effect of test conditions
(normal, toe-out, toe-in). When a significant effect of the condition was
observed, paired t-tests or Wilcoxon signed-rank tests with Bonferroni
corrections were used to determine significant differences between the
three test conditions. The level of statistical significance was set at 5%.
All statistical tests were performed using SPSS statistical software
(version 20.0; IBM, Inc., Armonk, NY, USA). The effect size of Cohen’s d
was calculated for kinematic and kinetic variables. Effect size was in-
terpreted in which an effect size of d=20 was seen as a small effect,
d= 0.50 a medium effect, d= 0.80 a large effect, and d= 1.30 a very
large effect [25].

3. Results

According to the results of the Shapiro–Wilk test, the peak knee
flexion angle and peak external hip flexion moment were not normally
distributed. Therefore, the Friedman test and Wilcoxon’s signed-rank
test with Bonferroni corrections were used for these two variables.

3.1. Foot progression angles, stance times, and marker positions

The mean ± SD of the foot progression angles for normal, toe-out,
and toe-in conditions were 4.9°± 3.3°, 19.1°± 6.5°, and −7.8°± 4.1°
respectively. Stance times were not different between the three-foot
progression angle conditions. The x coordinates of the calcaneus mar-
kers were not significantly different among the three conditions at mid-
stance. The y coordinates of the second metatarsal head marker were
smallest to largest (and significantly different) in the order of toe-in,
normal, and toe-out (Table 1, Fig. 1).

3.2. Ground reaction forces and center of pressure positions

There were no significant differences among the three conditions for
the peak anterior, posterior, and vertical ground reaction forces. The
first and second peak medial ground reaction forces were smallest to
greatest (and significantly different) in the order of toe-in, normal, and
toe-out. The x coordinate of the center of pressure at the first peak of
the knee adduction moment of the toe-out condition was significantly
smaller than the normal and toe-in conditions. In contrast, the y co-
ordinate of the center of pressure at the first peak of the knee adduction
moment of the toe-out condition was significantly larger than the
normal and toe-in conditions. At the second peak of the knee adduction
moment, the x coordinate of the center of the pressure, from smallest to

largest was significantly different, in the order of toe-out, normal, and
toe-in. As for the first peak of the knee adduction moment, the y co-
ordinate of the toe-out condition was significantly larger than for the
normal and toe-in conditions (Table 2, Fig. 2).

3.3. Kinematic and kinetic variables

During the stance phase, the hip joint was significantly more flexed
in the toe-in condition than in the toe-out condition (p < 0.01,
d= 0.31). Peak hip adduction angles were greatest to smallest (and
significantly different) in the order of toe-in, normal, and toe-out
(normal vs. toe-out, d= 0.96; normal vs. toe-in, d= 1.03; toe-out vs.
toe-in, d= 2.21). In contrast, peak knee adduction angles were smallest
to greatest (and significantly different) in the same order (normal vs.
toe-out, d= 0.29; normal vs. toe-in, d= 0.41; toe-out vs. toe-in,
d= 0.72). The knee joint was significantly more flexed in the normal
condition compared with the toe-out condition during the stance phase
(p= 0.016, d=0.33).

The peak external hip flexion moment was significantly greater
during the toe-in condition than during the toe-out condition
(p < 0.01, d= 0.28). The peak external knee flexion moment of the
toe-in condition was significantly decreased compared with the normal
and toe-out conditions (p < 0.01 for both conditions) (normal vs. toe-
in, d= 0.31; toe-out vs. toe-in, d= 0.37) (Fig. 2). The first peak knee
adduction moment during the toe-in condition was significantly de-
creased by about 21% compared with the normal condition (p < 0.01,
d= 0.59, range −15% to 48%) and by about 33% compared with the
toe-out condition (p < 0.01, d= 1.03, range 2%–56%), whereas that
of the toe-out condition was significantly increased by about 21%
compared with the normal condition (p < 0.01, d=0.50, range
−26% to 58%). The knee adduction angular impulse during the toe-in
condition showed significant reduction compared with the toe-out
condition (p= 0.01, d=0.37). The peak hip adduction moment and
second peak knee adduction moment did not show significant differ-
ences among the three conditions (Table 3, Fig. 3).

4. Discussion

In this study, the foot progression angle was set at normal, 15° toe-
in, and 15° toe-out, and the stair climbing motion was analyzed. The
actual foot progression angle was 4.9° for normal, 19.1° for toe-out, and
−7.8° for toe-in; and the difference between normal and toe-in was
12.7° and for normal and toe-out 14.2°. Therefore, the subjects per-
formed the stair climbing motion with the foot progression angle
slightly smaller than the prescribed 15° during both toe-in and toe-out
conditions. The foot progression angle of 15° set in this study was the
angle used in previous studies, and it was an angle that can easily be
implemented as toe-in and toe-out. Although other, previous studies
used a foot progression angle of 20° greater than normal, the excessive
foot progression angle is unlikely to be realistic for knee osteoarthritis
patients because excessive knee rotation caused by foot rotation can

Table 1
Foot progression angle, stance time and marker positions at mid-stance.

Nomal Toe-out Toe-in ANOVA P value
Mean (SD) Mean (SD) Mean (SD)

Foot progression angle (°) 4.9 (3.3) 19.1 (6.5) −7.8 (4.1) < 0.01a, b, c

Stance time (s) 1.13 (0.08) 1.14 (0.07) 1.16 (0.07) 0.34
Calcaneus marker position X (cm) 4.8 (1.8) 4.5 (2.0) 4.4 (1.7) 0.65
Calcaneus marker position Y (cm) 12.6 (2.7) 12.9 (3.1) 14.3 (1.5) 0.03b

Second metatarsal head marker position X (cm) 22.6 (1.7) 21.3 (1.6) 22.1 (1.4) < 0.01a

Second metatarsal head marker position Y (cm) 13.8 (2.3) 18.7 (3.6) 11.8 (1.2) < 0.01a, b, c

a Significant difference between normal and toe-out in t-test with Bonferronni corrections.
b Significant difference between normal and toe-in t-test with Bonferronni corrections.
c Significant difference between toe-out and toe-in t-test with Bonferronni corrections.
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lead to pain [26]. Although the knee joint moment is influenced by the
gait speed, the stance times were almost the same among the three
conditions, so it is possible to compare the joint moment without
considering the stance time [27]. During the stair-climbing motion,
there was a possibility that the speed of the landing varies depending on
the anterior and posterior position of the foot on the step, and that it
might also affect the joint moment. Hence, in this study, the position of
the markers for the calcaneus and second metatarsal head at mid-stance

were calculated. As a result, there was no significant difference in the
calcaneus marker positions in the progressive direction among the three
conditions. It was therefore considered that there were few influences
of the anterior and posterior foot positions on the joint moment.

We found that the first peak knee adduction moment decreased by
about 21% (range−14% to 48%) during the toe-in condition compared
with the normal condition. In contrast, in the toe-out condition, it in-
creased by about 19% (range−26% to 58%) compared with the normal

Table 2
Ground reaction force variables and center of pressure positions during stance phase.

Nomal Toe-out Toe-in ANOVA P value
Mean (SD) Mean (SD) Mean (SD)

Peak anterior GRF (%BW) 7.3 (3.9) 8.1 (5.5) 7.2 (3.5) 0.74
Peak posterior GRF (%BW) 8.7 (4.3) 8.8 (4.8) 9.0 (4.4) 0.34
First peak medial GRF (%BW) 9.0 (2.6) 9.8 (2.5) 8.1 (1.7) < 0.01a, b, c

Second peak medial GRF (%BW) 8.1 (1.8) 9.2 (2.0) 7.3 (1.3) < 0.01a, b, c

First peak vertical GRF (%BW) 103.8 (18.4) 104.9 (22.2) 103.0 (17.8) 0.42
Second peak vertical GRF (%BW) 110.3 (16.0) 107.6 (15.3) 111.4 (14.5) 0.05
COP position X at first peak of KAM (cm) 16.5 (2.1) 14.8 (2.2) 16.8 (2.1) < 0.01a, c

COP position Y at first peak of KAM (cm) 14.1 (2.8) 16.8 (3.1) 13.5 (1.5) < 0.01a, c

COP position X at second peak of KAM (cm) 18.0 (3.1) 14.5 (2.4) 19.8 (2.3) < 0.01a, b, c

COP position Y at second peak of KAM (cm) 14.1 (2.8) 16.6 (3.5) 12.8 (1.7) < 0.01a, c

GRF: ground reaction force, BW: body weight, COP: center of pressure, KAM: knee adduction moment.
a Significant difference between normal and toe-out in t-test with Bonferronni corrections.
b Significant difference between normal and toe-in t-test with Bonferronni corrections.
c Significant difference between toe-out and toe-in t-test with Bonferronni corrections.

Fig. 2. Change in the position of the center of pressure (COP) and ground reaction forces (GRF) during stance phase. (A) Average paths of the COP for each subject in
the normal (triangles), toe-out (circles), and toe-in (asterisks) conditions. The arrow shows the ascending direction of the stairs. Solid line and two dotted lines show
approximate curves for each of the three conditions. (B), (C) and (D) indicate the average anteroposterior, mediolateral, and vertical GRF for normal, toe-out, and toe-
in conditions. Positive values show anterior, medial, and upward GRF.
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condition. In both cases, it was a medium effect size. The reason for this
result may have been that the hip joint was significantly adducted
compared with normal during stair ascent in the toe-in condition.
Additionally, the center of the knee joint moved medially, and the
moment arm between the ground reaction force vector and the center of
the knee joint was shortened. In contrast, in the toe-out condition, it
was considered that the distance between the center of the knee joint
and the ground reaction force vector increased because the hip joint
abducted and the knee joint varus angle increased. In fact, the peak hip
adduction angle during the stance phase increased about 4° with toe-in
and decreased about 4° with toe-out compared with the normal

condition. Likewise, the peak knee adduction angle decreased about 5°
in the toe-in condition and increased about 3° in the toe-out condition
compared with the normal condition. The fact that the first peak medial
ground reaction force of the toe-in condition was significantly smaller
than in the other two conditions is considered a factor in the decreased
knee adduction moment. In contrast, the center of the pressure hor-
izontal position at the first peak of the knee adduction moment in the
toe-out condition was significantly more lateral than in the normal and
toe-in conditions, and the first peak of the medial ground reaction force
in the toe-out condition was significantly larger than in the other two
conditions. Considering the lever arm from the center of the knee joint

Table 3
Kinematic and kinetic variables during stance phase.

Nomal Toe-out Toe-in ANOVA and Friedman P value
Mean (SD) Mean (SD) Mean (SD)

Peak hip flexion angle (°) 56.6 (6.3) 56.1 (6.5) 57.6 (6.8) 0.01c

Peak hip adduction angle (°) 5.0 (4.0) 1.0 (3.9) 9.0 (3.7) < 0.01a, b, c

Peak knee flexion angle (°) 61.3 (5.6) 59.6 (5.2) 60.2 (4.5) 0.04a

Peak knee adduction angle (°) 17.0 (12.3) 20.4 (11.7) 12.3 (11.6) < 0.01a, b, c

Peak external hip flexion moment (Nm/kg) 0.84 (0.38) 0.79 (0.36) 0.89 (0.38) < 0.01c

Peak external hip adduction moment (Nm/kg) 0.73 (0.16) 0.70 (0.16) 0.73 (0.17) 0.06
Peak external knee flexion moment (Nm/kg) 0.82 (0.27) 0.84 (0.30) 0.75 (0.24) < 0.01b, c

First peak external knee adduction moment (Nm/kg) 0.44 (0.15) 0.52 (0.19) 0.35 (0.15) < 0.01a, b, c

Second peak external knee adduction moment (Nm/kg) 0.30 (0.13) 0.31 (0.12) 0.33 (0.14) 0.11
Knee adduction angular impulse (Nm・s/kg) 0.24 (0.10) 0.26 (0.10) 0.23 (0.10) < 0.01c

a Significant difference between normal and toe-out in t-test or Wilcoxon signed-rank test with Bonferronni corrections.
b Significant difference between normal and toe-in t-test or Wilcoxon signed-rank test with Bonferronni corrections.
c Significant difference between toe-out and toe-in t-test or Wilcoxon signed-rank test with Bonferronni corrections.

Fig. 3. Average knee flexion angle (A), knee adduction angle (B), external knee flexion moment (C) and external knee adduction moment (D) of the subjects for
normal, toe-out, and toe-in conditions during the stance phase.
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to the ground reaction force vector, the lateral shift of the center of
pressure has a positive effect in reducing the knee adduction moment,
but the increased medial ground reaction force is a factor that increases
the knee adduction moment. Even if the values for the knee adduction
moment are the same, the contact pressure between the femur and tibia
is greater as the knee joint flexion angle enlarges [28]. Therefore, the
toe-in condition is considered particularly effective for movements that
involve large knee flexion angles, such as stair climbing or descending
and when moving from sitting to standing. However, there were no
significant differences between the three conditions during the second
peak of the knee adduction moment. When the knee adduction moment
reached the second peak, the knee joint assumed the extended position
and was close to the angle of the late stance phase of gait. During
walking, it was shown that the second peak of the knee adduction
moment decreased with toe-out gait compared with normal gait [15]
[18] [29]. The knee adduction angular impulse during the toe-in con-
dition was significantly lower than with the toe-out condition, but there
was no statistically significant difference between toe-in and normal
conditions. Because Khan et al. [16] and Bennett et al. [30] reported
that the toe-in gait internally rotated the foot progression angle by
10°–15° and significantly reduced the knee adduction angular impulse
compared with normal gait, the decrease in the knee adduction angular
impulse due to the toe-in condition was more likely to occur during
walking than stair climbing.

The peak flexion moment of the knee joint was significantly lower in
the toe-in condition than in the normal and toe-out conditions.
Conversely, the peak hip flexion moment was significantly higher in the
toe-in condition than the toe-out condition. Because the peak hip angle
was significantly greater in the toe-in condition than in toe-out, during
toe-in it was thought that the greater flexion of the hip joint displaced
the center of mass forward, with the hip flexion moment increased and
the knee flexion moment decreased. Because both the knee flexion and
adduction moments had been reported to be associated with knee joint
medial compartment contact force [31], it is an important finding that
the flexion moment decreased with the toe-in condition.

In addition to the foot progression angle, the knee adduction mo-
ment was reduced during walking by increasing the leaning of the ip-
silateral trunk [14] and widening the step width [30]. Even when as-
cending stairs, knee adduction and flexion moments may decrease due
to strategies such as use of a handrail or trunk flexion. Further research
investigating the effects of such strategies is therefore necessary.

There are several limitations in this study. Stair walking includes
both ascent and descent, although this study focused only on the as-
cending motion. Therefore, it is not clear whether the foot progression
angle affects the load on the knee joint when descending stairs. In this
study, however, the foot progression angles were set at 15° toe- and 15°
toe-out, the averages of which were< 15° in both conditions. If the
prescribed foot progression angles were perfectly adopted, larger dif-
ferences might be detected in the kinematic and kinetic variables. We
used only steps with a height of 16.5 cm. In environments other than
the laboratory, however, steps are of varying heights. Therefore, in the
case of very low or very high steps (i.e., < 16.5 cm or> 16.5 cm), the
results of this research may not apply. Because this study focused on
healthy volunteers and did not take into account the knee’s frontal
alignment, further studies of patients with medial compartment knee
osteoarthritis are needed.

5. Conclusion

The foot progression angle significantly affects hip and knee joint
kinematics and kinetics during stair climbing. The toe-in condition
significantly changed the hip and knee adduction angles and the medial
ground reaction force. It also successfully reduced the first peak knee
adduction moment compared with the normal and toe-out conditions.
Moreover, the toe-in condition showed a significantly reduced knee
adduction angular impulse compared with that in the toe-out condition.

In addition, the toe-in condition reduced the peak knee flexion moment,
which is related to the contact force in the medial compartment of the
knee joint. These results indicate that toe-in is the most advantageous
strategy for reducing a medial compartment knee load. In contrast, toe-
out gait increased the first peak knee adduction moment compared with
that under the normal and toe-in conditions. Therefore, toe-out gait
may pose a risk of promoting progression of medial compartment knee
osteoarthritis, so care must be taken during stair climbing.
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