
Background

Walking is a daily activity, where each segment
of the pelvis and lower extremities perform rotational
movements [1]. In addition, the foot tends to rotate
slightly on the horizontal plane even during the
stance phase when the plantar surface is in contact
with the ground [2] (Fig. 1). This rotation of the foot
causes torsional stress on the lower extremities due to
friction and induces discomfort in the shoe. Distortion
of the lower extremity, which is thought to reflect
torsional stress, is related to the pathogenesis of some

orthopedic diseases [3‒5].
In addition, it has been reported that patients

with cerebral palsy and toe-in gait and those with
knee osteoarthritis and gait characteristics, such as
lateral thrust of the knee [6] and lateral trunk lean [7],
exhibit abnormal rotation of the lower limbs [8‒10].
Therefore, it is important to properly evaluate the
relationship between the torsional stress that occurs
in the lower extremities and the movement of joints.
Carter [11] used the data from a report using a strain
gauge attached directly to the tibia by Lanyon et al.
[12] to calculate the torsional (twisting) stress during
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limbs during walking. This study aimed to clarify the relationship between lower extremity kinematics (hip
extension, knee extension, and ankle dorsiflexion), which peak in the sagittal plane during the late stance phase
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and FM during the stance phase were measured using a motion capture system. The correlation coefficient
between each variable, including walking speed, peak FM (PFM), and impulse of absolute FM (FMimp) were
calculated. To clarify the coefficient of determination, a regression analysis was performed on joint kinematics
that correlated with FM. In addition, the partial correlation coefficient between the kinematics and FM,
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kinematics that were correlated with FM to determine the determination coefficient. Walking speed and peak
dorsiflexion angle showed a positive correlation with PFM (r=0.49, and 0.44, respectively). However, the
determination coefficients were low (R2=0.24, and 0.19, respectively). A significant partial correlation coefficient
with PFM was found only for the peak hip extension angle (r=0.52). No joints were correlated with FMimp.
Regardless of walking speed, there was a positive correlation between FM and sagittal lower limb kinematics.
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bone morphology, joint laxity, and walking strategies.
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walking. It also reported peaking in the late stance
phase.

Free moment (FM) is not a direct measurement
of the stress that occurs in the lower extremities.
However, it is one of the parameters that is used to
quantify torsional stress during walking. It has been
reported that peaking in a late stance is similar to
Carter’s report [13, 14]. FM is defined as the vertical
axial torque located at the center of pressure [15]
(Fig. 2). Although reports on FM are scarce, Yang et

al. [16] revealed that torsional deformation of the tibia
during walking was correlated more with PFM than
with the vertical component of the ground reaction
force. Milner et al. [17] reported that absolute peak
FM (PFM) was greater in runners with a history of
tibial stress fracture caused by torsional stress than
that in healthy participants. This suggested that the
FM reflects the amplitude of torsional stress on the
lower limbs and that large cumulative stress has a
pathologic effect regardless of the direction of torsion.
Furthermore, FM generated in the sole of the foot has
a negative correlation with the relative angle of the
pelvic rotation, with respect to the foot in the
transverse plane, and reflects the movement of the
lower half of the body [18]. Thus, FM is an important
walking parameter that may reflect walking
characteristics.

On the other hand, the kinematics/kinetics of the
lower extremity in the sagittal plane plays an
important role in propelling the body, and its
evaluation is often used in clinical gait analysis and
verification of the effectiveness of wearable devices
[19‒22]. The joint kinematics of the hip, knee, and
ankle on the sagittal plane also peak in extension and
dorsiflexion from the mid-stance to the late stance
phase, similar to FM [23]. Therefore, FM may be
associated with joint kinematics after mid-stance.
However, no studies so far have focused on the
relationship between FM and joint movement of the
lower limbs during walking in the sagittal plane.
Wearing elastic tights with a taping effect and
changing the material of the insole can cause changes
in muscle activity and joint movement in the sagittal

Fig. 1 Definition of the stance phase during walking and rotational movement of the foot
Stance phase: Duration during which the foot is in contact with the ground; Swing phase: Duration during which
the foot is not in contact with the ground; Initial contact: the moment the heel touches the ground; Foot flat: the
moment the entire sole of the foot touches the ground; Heel off: the moment the heel rises; and Toe off: the moment
the toes are off the ground. The stance phase is divided into the loading response, mid-stance, and late stance by
each event (moment).

Fig. 2 Friction on the sole of foot and free moment (FM)
(a) Twisting friction occurs owing to foot abduction

during the late stance phase.
(b)FM occurs in a direction that resists foot adduction/

abduction.
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plane during walking [19, 22]. If FM is associated with
lower limb joint movement in the sagittal plane, the
torsional stress generated in the lower limbs can be
controlled with clothing, insoles, shoes, etc.

This study aimed to gain basic insights into the
relationship between FM and sagittal joint kinematics
during walking.

Methods

Participants were recruited through posters at
our institution. The exclusion criteria were a history
of orthopedic surgery in the lower extremities and/or
neurological impairment and experiencing pain when
walking. This study was approved by the ethics
committee of our university (approval number: 2015‒
0003). All participants provided written consent to
participate in the study.

Procedures

Kinematics and force plate data during the left
stance phase were collected using an eight-camera,
three-dimensional motion capture system (Nexus;
Vicon Motion Systems Ltd., Oxford, UK) and six force
plates (OR6‒7; Advanced Mechanical Technology, Inc.,
Watertown, USA). The sampling frequency was 100
Hz for both the motion capture system and force
plates, which were subsequently low-pass filtered at
cutoff frequencies of 6 Hz and 18 Hz, respectively.

Thirty-nine reflective markers were attached to
anatomical landmarks following the protocol of the

Vicon Plug-in gait full-body model [24]. The joint angle
of the lower extremities was defined as the angle
formed by the distal segment relative to the proximal
segment (Fig. 3). The participants walked barefoot at
a self-selected speed after sufficient practice.

The FM was computed using the following
equation:

FM=Mz- Fy * CoPx + Fx * CoPy
Mz denotes the horizontal moment at the center of
the force plate. Fx and Fy denote the medial-lateral
and anterior-posterior components of the ground
reaction force, respectively. CoPx and CoPy are the
medial-lateral and anterior-posterior components of
the center of pressure on the force plate, respectively.

Inward rotation (i.e., direction of friction-resisting
foot abduction) was defined as positive FM. Regarding
the FM normalization method, there were reports
using weight, weight*height, weight*lower limb
length, etc., and no consensus has been reached yet
[17, 25, 26]. However, Wannop et al. [27] reported that
the use of weight for normalization can reduce inter-
subject variability. Therefore, in this study, FM was
normalized using the weight converted to Newton.

The PFM and the impulse of FM (FMimp), which
is the area under the absolute FM stance curve, were
calculated (Fig. 4). FMimp represents the integrated
value of FM in the stance phase and is used as an
index of the total amount of twist stress in a stance. In
addition, walking speed was calculated from the
position coordinates of the left heel marker in one
walking cycle. The force plate data and kinematic
data were normalized to 101 data points for between-

Fig. 3 Definition of joint movement and angle
The joint angles of the hip, knee, and ankle were defined as the angle formed by the distal segment relative to the
proximal segment. In the sagittal plane, each joint is 0 ̊ in the upright state (neutral position).
※: Pelvic movement from the perspective of the left lower limb.
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subject comparisons of the stance phase. The peak of
hip extension, knee extension, and ankle dorsiflexion
were calculated as joint kinematics. Three successful
trials were conducted, and the results were averaged
for each participant.

Statistical analysis

Pearson’s moment correlation coefficient was
used to analyze the relationship between FM, walking
speed, and joint kinematics. Linear regression analysis
was used to clarify the determination coefficient (R2)
for the coefficients in which correlations were found
for the joint kinematics and FM. Furthermore, Begue
et al. [28] reported that FM increased as the
intrasubject walking speed increased. However, the
relationship between inter-subject walking speed and
FM during natural walking has not been clarified.

Therefore, in addition to Pearson’s moment
correlation coefficient, the partial correlation
coefficient between joint kinematics and FM was also
used to examine the kinematics of the lower limbs
that affect FM without depending on the inter-subject
walking speed. Calculated using walking speed as a
control variable. Statistical analyses were performed
using SPSS Statistics version 21 (IBM Japan, Tokyo,
Japan). Statistical significance was set at p<0.05.

Results

Twenty-one healthy men were recruited for this
study. A summary (mean ± standard deviation) of the
study group’s characteristics are as follows: age, 21.3
± 2.8 years; height, 173.8 ± 5.4 cm; and weight, 67.4 ±
6.5 kg. Fig. 5 and 6 shows the FM and joint kinematics
during the stance phase. All the variables peaked in
the late stance. The mean walking speed was 1.27 ±
0.22 m/s. The difference in the peak angle of each
joint of the lower limbs was only minimal, as
compared to the previous study [29]. Moreover, no
limping was confirmed at the time of measurement.
Therefore, it was judged that all subjects were able to
walk normally.

Table 1 shows the correlation matrix for all
variables. Among the joint kinematics, only the peak
dorsiflexion angle was correlated with PFM (r=0.44, p
=0.05). A positive correlation was found between PFM
and walking speed (r=0.49, p=0.02). The R2 values for
PFM and walking were 0.19 and 0.24 for the peak
ankle dorsiflexion angle and walking speed,
respectively.

Fig. 4 Free moment curve examples and variables
Generally, the FM curve is biphasic. Peak free
moment appears in the latter half of the stance phase.
The area of the gray part represents FMimp (Impulse
of absolute free moment).

Fig. 5 Normalized free moment during the stance phase
The solid line represents the average value. The positive and negative standard deviations are indicated by the
dashed lines.
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Among the relationships excluding the effect of
walking speed between FM and joint kinematics, a
positive partial correlation (r=0.52, p=0.02) was

observed between PFM and the peak hip extension
angle (Table 2). No joints were correlated with
FMimp.

Discussion
Pearson’s correlation coefficient between the peak of
joint angle and FM

This study was conducted with the aim of
clarifying the relationship between FM and lower
limb kinematics in the sagittal plane, which peaked
after the mid-stance. Among peak hip extension, peak
knee extension, and peak ankle dorsiflexion, only the
peak ankle dorsiflexion angle was slightly correlated
with PFM. The significant relationship between
torque and joint movement on different planes may
be due to the skeletal structures of the ankle joint.

When the foot is immobilized on the ground,
internal rotation of the leg occurs simultaneously with
dorsiflexion because the ankle axis is obliquely
oriented in both the frontal and transverse planes [30].
In contrast, Levens et al. [1] reported that the tibia
rotates externally with the pelvis and thigh during
the late stance, which should occur as dorsiflexion,
and the foot is fixed by friction. Briefly, ankle
dorsiflexion in the late stance causes the tibia to
undergo internal rotation due to its anatomical
structure, but the tibia does not rotate internally. As a
reaction to this contradiction, the foot tends to abduct
in order to position the tibia for spatial internal
rotation with respect to the foot. As dorsiflexion
increases, it is possible that a larger FM occurs on the
plantar surface. Lundberg et al. [31] supported this
hypothesis, as they reported that dorsiflexion under

Mean ± SD PFM FMimp Walking
speed

Hip
extension

Knee
extension

Ankle
dorsiflexion

PFM 5.11 ± 2.09
[Dimensionless×10-3] 1.00

FMimp 15.07 ± 4.99
[Dimensionless×10-4] 0.86** 1.00

Walking
speed

1.27± 0.22
[m/s] 0.49* 0.26 1.00

Hip
extension

14.02 ± 6.54
[Degree] 0.23 0.28 0.37 1.00

Knee
extension

－2.65 ± 7.78
[Degree] －0.18 －0.02 0.56** 0.59** 1.00

Ankle
dorsiflexion

8.52 ± 4.83
[Degree] 0.44* 0.23 0.51* －0.04 －0.64** 1.00

Fig. 6 Joint kinematics during the stance phase
The solid line represents the average value. The
positive and negative standard deviations are
indicated by the dashed lines.

Table 1 Correlation matrix of all variables

* Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).
FMimp, Impulse of absolute free moment; PFM, Peak free moment; SD, Standard deviation.
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load caused outward rotation of the talus.
Furthermore, as dorsiflexion during the late

stance approaches the maximum range of motion,
ankle joint stability and rigidity both increase;
therefore, the buffering function of the torsional stress
on the ankle might decrease [32]. The ankle joint with
reduced buffering function against torsional stress
may be an important factor affecting torsional
deformation, bone deformity, and fatigue fracture of
the tibia; however, R2 was not high in the current
study. This was due to individual characteristics that
may have affected the stiffness of the ankle joint
during walking, such as the range of motion and
muscle strength (triceps surae, fibula, etc.) of each
subject, which were not measured in this study. This
suggests that this affects the results.
Partial correlation coefficient between peak joint
angle and FM

Since the effect of inter-subject walking speed in
natural walking on the relationship between FM and
joint movement of the lower limbs was unclear, the
partial correlation coefficient was calculated using
walking speed as a control variable. A significant
partial correlation was observed only for peak hip
extension. In a simple correlation, a significant
correlation was found between peak ankle
dorsiflexion and PFM (r=0.44). However, since peak
ankle dorsiflexion and knee extension were correlated
with walking speed (r=0.51 and 0.56, respectively), it is
considered that no significant partial correlation was
found in the partial correlation analysis controlled by
walking speed.

In normal gait, because hip extension and pelvic
posterior rotation are closely related to securing step
length [33], the peak hip extension angle might reflect
the pelvic posterior rotation angle, which is the
motion in the transverse plane. The cause of femoral
external rotation simultaneously with the pelvis in the
late stance is not clear, but the femur should also
rotate to maintain joint compatibility with the

acetabulum, facing backward, due to pelvic posterior
rotation. Therefore, the large hip extension could
promote external rotation of the lower limb via large
pelvic posterior rotation, resulting in a larger FM.
This hypothesis can be confirmed by examining the
relationship between hip extension and external
rotation ; however, because the accuracy of
measurement of rotational motion using a motion
capture system is controversial [34], verification by a
highly accurate measurement method is expected in
the future.

In addition, the hip joint enters a tight state
owing to the tension in the ligament and joint capsule
at the positions of extension, abduction, and internal
rotation [35]. In the late stance, as the hip joint
approaches a tight state during extension, stability
improves, but mobility deteriorates, and the buffering
function against the torsional stress decreases.

The extension of the hip in the late stance, which
has a partial correlation with PFM (an index of
torsional stress), plays an important role in
establishing a relevant stride and advancing the body
forward. We concluded that isolated movements and
the flexibility to extend the hip joint without
excessive external rotation are important for proper
gait while suppressing increased FM.
Relationship between joints of lower limbs

Interestingly, peak knee extension was
significantly correlated with peak hip extension, peak
ankle dorsiflexion, and walking speed (r=0.59, -0.64,
and 0.56, respectively). However, no correlation was
found between PFM and in either simple correlation
or partial correlation analysis. This is because the
knee lacks a complicated joint structure such as the
ankle and hip joints, which are accompanied by a
horizontal movement when moving on the sagittal
plane under load.

In addition, the reason why no partial correlation
was observed between the ankle joint and FM could
not be clarified in this study design. Further research
is needed to clarify this point. However, the results of
this study showed that PFM was slightly correlated
with lower limb kinematics in the late stance phase,
indicating that FM may reflect joint motion of the
lower limb in the sagittal plane of gait and be related
to propulsion in the late stance phase.
Limitations and interpretation of this study

The limitation of this study is that the sample
size was small, and only young men were included. In
addition, it was necessary to assess individual

PFM FMimp
Peak hip extension 0.52* 0.42
Peak knee extension 0.14 0.16
Peak ankle dorsiflexion 0.25 0.12

Table 2 Partial correlation coefficients between free
moment and joint kinematics, excluding the
effect of walking speed

* Correlation is significant at the 0.05 level (two-tailed).
FMimp, Impulse of absolute free moment; PFM, Peak
free moment.
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characteristics such as the maximum range of motion
of joints, stiffness, joint laxity, and walking strategies
[36], even if the recruited subjects were healthy.
However, although FM can measure the torsional
stress generated in the lower limbs during walking in
a non-invasive and accurate manner, it is an index
with many unclear points regarding the relationship
with physical movement.

The results of this study using linear regression
analysis suggested that the FM that occurs in the
plantar surface is related to the dorsiflexion angle of
the ankle joint and the walking speed. On the other
hand, in recent years, it has been argued that it is
more appropriate to use a quadratic linear regression
model in consideration of the complexity of the foot
for the relationship between the force generated on
the plantar surface and the ankle joint [37]. In addition,
there are very few previous studies on how changes
in locomotion speed, including walking to running,
affect the transition of FM. As a future consideration,
it could be effective to apply a multiple foot segment
model and a quadratic linear regression analysis in
order to examine the relationship between changes in
walking speed and PFM, and foot kinematics and
PFM in detail.

This study suggests that torsional stress can be
controlled by wearing clothing and insoles that affect
the walking characteristics in the sagittal plane, as
reported in previous studies. In the future, it is
necessary to conduct further research on patients
with orthopedic diseases.
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