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Abstract.

BACKGROUND: Comprehensive analysis of the inherent laws and the biomechanic principles of human walking with load
carriage and building kinematics, and kinematics model of human walking with load carriage, are very meaningful for the
development of devices and apparatus that are related to human walking with load carriage, such as a lower limb exoskeleton.
OBJECTIVE: The gait experiment of human walking with load carriage is designed and performed in this paper.
METHODS: The obtained video is marked and analyzed by using SIMI motion analytical software. The space motion co-
ordinates at each body’s mark point that is needed in the kinematics model of established human walking with load carriage
is obtained. Based on inverse kinematics, a dynamic model of human walking with load carriage is established. The SPSS
statistical analysis software is used for statistical processing for determining key gait parameters.

RESULTS: The influence of load and speed on the walking gait parameters is analyzed systematically.

CONCLUSIONS: The method provides a theoretical basis for the design of an exoskeleton.

Keywords: Human walking with load carriage, load experiment, biomechanics model, gait parameter

1. Introduction

The kinematic analysis of the human gait while carrying a load is the basis of many devices and ap-
paratus such as the lower extremity exoskeleton. The theoretical basis has provided for the research and
design of exoskeleton suits through the comprehensive investigation of the laws and the biomechanic
principles that govern human ambulation with load carriage and analyzing the kinematic characteris-
tics [1]. The extent of the research that characterizes load carriage will directly determine humanoid
robot design. Robot design is of utmost importance for guiding the design of mechanical and electronic
products, sports rehabilitation equipment and so forth [2].

The process of the human gait is simplified into Cavagna’s inverted pendulum model [3]]. This model
accounts for many walking characteristics, such as the arch form trajectory of the body’s center of gravity
and the transformation of kinetic energy and potential energy during the single support. However, the
highest theoretical efficiency of energy conversion is only 60% [4]], and changes with the change of the
length and the rate of stride. Recently, the research based on the inverted pendulum model shows that
mechanical energy is mainly consumed during the change of the body’s center of gravity [J5]].
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Through film analysis, researchers have begun to combine the walking kinematic parameters with
the reaction force data from test force platforms, where the walking process is analyzed using an inverse
kinematic method. In the past, restricted by research methods and means, the gait was primarily assessed
using two-dimensional dynamics [6]. The procedure is relatively simple. Only one camera is used to
shoot the walking motion in the sagittal plane. This method utilizes several marking points to define the
two-dimensional coordinate system of each joint center [7].

In recent years, several articles have been published presenting the human gait using a three-
dimensional inverse kinematic analysis [8.9]]. Incorporation of the three-dimensional analysis method
is more complicated. Each marker requires at least two points to demark the position and orientation in
a three dimensional space, and each mark point requires at least two cameras shooting from different
angles to establish a three-dimensional coordinate. After establishing the marker’s spatial location, the
point is then used to determine the joint’s motion in relation to a fixed position.

In order to determine the relationship between muscle contraction during walking and the joint move-
ment, the kinematic method is used to quantitatively analyze the contribution of the lower limb muscles
for vertical support, forward movement, and the swinging of the leg in a normal gait [[10-12].

Load carriage is a special ambulatory condition. Due to the increased mass of the load on the bearer’s
back, the gait of a human body is changed accordingly. However, the impact of the load on the gait and
kinematics is relatively small [13H15].

At present, the research of the human stride is primarily centered on kinematic analysis of the gait,
and there are few literature reports of three-dimensional load carriage kinematics. Although there are
some investigations on the influence of the load on the physiology in reference [1]], the research on
the effects of external weight on the human stride is not very extensive. Therefore, in this paper, gait
experiments under load carriage were designed, and the biomechanics that dictate these processes were
deeply characterized. The kinematics and kinematic model of the load carriage process were established,
and the influence of the load and speed on gait parameters were analyzed systematically. The necessary
theoretical basis is provided for the design of exoskeletons.

2. The dynamic model of human lower limb for walking load carriage

Generally, there are two avenues for dynamic modeling of physiological exercise: the power method
and the inverse power method.

For this study, the inverse kinematic method was used to model the walking process, as this approach
is suitable for models of walking with and without load bearing. The kinematic coordinates, the human
body inertial parameters, gait, and the ground reaction force measured by the test force platform, are
the input. The Newton-Euler equation was used to calculate the kinematics and kinematic parameters of
each joint of the lower limbs. The flow chart for this process is shown in Fig. 1. The isolation method is
used in conjunction with Newton-Euler’s equation to establish the dynamic equation of each step. The
corresponding equation of each joint was set up in the order in turn up from the feet.

Because the measured parameters are known quantities, the dynamic data of each joint are already
solved. For example, Newton’s second law was used for the foot. The kinematic equation of foot was
established, and the force and torque of the foot exerted by the leg were calculated. According to New-
ton’s third law, the magnitude of the force and torque of foot exerted by the leg are equal to the force
and torque of the leg that is exerted by foot, however they are opposite in direction. Thus, the kinematic
equations of the leg, knee and hip joints were also calculated by repeating this process.
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Fig. 1. Flow chart of the modeling process using inverse kine- Fig. 2. The attachment of the markers.

matics.

2.1. The calculation of joint’s center

This paper adopts the method that was proposed by Vaughan [6] where fifteen demarcation points
were used to track the motion of each joint. 7-10 cm rod logos were bound on the tuberosity of the thigh
and calf, and the mark points were placed on the top. This design ensures accurate motion tracking of
each joint within a three-dimensional space, and is easily recorded.

The locations pgip, Pxnee» Pankie> P1oe Of the hip joint, knee joint, ankle and toe can be calculated based
on the location measurement of the points, according to reference [4]].

2.2. Angular motion of the joints

2.2.1. Defining the joint angle

The joint angle is defined as the rotating angle of the distal joint in relation to the proximal joint. The
specific definition is as follows.

Flexion/Stretching shaft & is defined as the horizontal axis of the proximal joint. Flexion/Stretching
angle is expressed by a. Flexion (plantar flexion) is positive. Stretching (dorsiflexion) is negative.

The intorsion/extorsion axis ¢ is defined as the vertical axis of the distal joint. The intorsion/extorsion
angle is expressed by (3. The intorsion is positive and extorsion is negative.

The extented/adduction axis [ is defined as the axis which is vertical with the k axis and the ¢ axis.
The extented/adduction angle is expressed by ~. The extented is positive and adduction is negative.

2.2.2. The motion of the Euler angle

The right leg is taken as an example to specify the definition of the Euler angle. First the right calf’s
center of gravity is translated with respect to a fixed terrestrial origin. Then, three rotations are performed
in turn.

1. Rotating the angle ¢ around the X axis;

2. Rotating the angle # around the Y axis;

3. Rotating the angle 1) around the Z axis.
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The three rotation angles are designated as the Euler angles. The angular velocity of the joint’s motion
can be calculated by the change in the Euler angle. Then, the angular acceleration of joint’s motion can
be obtained by taking the derivative of angular velocity.

The measured parameters are regarded as known variables to calculate the kinematic data. Using
Newton’s second law, the kinematic equation of foot is established. The force and torque the shank
exerts on the foot can be calculated. From Newton’s third law, it is known that the force and torque
that the shank exerts on the foot are equal to the force and the torque that the foot exerts on the shank,
but opposite in direction. Thus, the force and torque of knee joint can be calculated by establishing the
kinematic equations of the shank. Similarly, the force and torque of the hip joint can be calculated by
establishing the kinematic equations of the thigh.

3. The gait experiment of human walking with load carriage

The load bearing gait was modeled by using the inverse power method. There are three kinds of
known parameters: the human body kinematic parameters, the kinematic coordinates of the mark point,
and the measurement data of the test force platform. These parameters can be obtained through physical
measurement and gait experiments.

3.1. The measurement and calculation of human body parameters

To accommodate the research needs in this paper, fifteen basic measuring parameters were selected. In
order to improve the accuracy of the image resolution, the experimental subjects were shirtless and wore
dark tight shorts. Fifteen reflective markers balls with a 2 cm diameter were attached to every segment
of the lower limbs and pelvis. The specific configuration is shown in Fig. 2.

3.2. The gait experiment

3.2.1. The acquisition of motion parameters

In the process of load carriage, two kinds of information should be recorded. One is kinematic in-
formation, that is, the position coordinates of each marker in space. The other is dynamic information,
which is the acting force between the human body and the ground. Video analysis systems obtain kine-
matic data through analysis of the captured image. For the dynamic information, a multi-component
force platform is used to obtain the components of force that the body imparts on the ground. Then, the
motion variables of the subjects can be calculated using the motion analysis software.

3.2.2. Experimental scheme and process

(1) The subjects
Ten men, age 24.5 + 1.5 were chosen as test subjects. They were in good health and had heights
171.2 + 4.2 cm and masses 64.1 + 15.9 kg.

(2) The experimental scheme and process
The experimental scheme is shown in Fig. 3. Experiment employed four shot frequencies: 84 Hz,
96 Hz, 108 Hz and 120 Hz. The control step, that is, the distance of the subject’s step, was ap-
proximately 70 cm. The speed of subjects was about 0.98 m/s, 1.12 m/s, 1.26 m/s and 1.4 m/s,
respectively, the load was set as 10 kg, 20 kg, and 30 kg.
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3.2.3. Video resolution

S571

The footage was analyzed using SIMI movement analysis software. The image information taken
from the mark point can be converted into spatial coordinate data by analysis software calculation. This

is illustrated in Fig. 4.
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Fig. 5. Flow chart of the simulation process.
3.3. The processing of experimental data

3.3.1. Data smoothing

The raw coordinate data was generated from the video analysis. Processing of the original data must
be undertaken due to the presence of noise. Using a second-order digital filter, as established by But-
terworth, a cutoff frequency of 5 Hz to 8 Hz is generally employed for denoising walking data. A 6 Hz
cutoff frequency was selected for this study. However, applying a filter can generate phase discrepancies,
and to eliminate these phase differences, a correcting value was filtered in the opposite direction.

3.3.2. Data interpolation

A 50 f/s frame rate was used to record the process. The interpolation was done after the original
data filtration and smoothing, and the sampling frequency was increased to 200 Hz which improved the
accuracy of the differential.

4. The kinematic simulation of load carriage

A variety of load carriage kinematics and kinematic parameters can be calculated by from basic human
body parameters and mark point kinematic coordinates. The flow chart of the simulation process is
shown in Fig. 5.

The effects of different loads and speeds on gait parameters are listed below. Time is expressed as a
percentage of the gait cycle.
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loads.

4.1. The anterior-posterior ground reaction force component

Behavior of the fore-aft shears under different conditions are shown in Figs 6 and 7.

As evidenced in Fig. 6, the amplitude of the fore-aft shears increases significantly with the increase
of the load. A certain linear relation emerges in Fig. 6. The load was increased in 10 kg increments, and
the growth of the amplitude of the aft shear was about 2% of the weight; the amplitude growth of the
fore shear was about 4% of the weight. There was a strong proportionality between the increase of the
load and the amplitude growth of the fore-aft shears. It should be noted that the fore shear’s amplitude
growth was greater than that of the aft shear. In Fig. 7, an increasing trend of the fore-aft shears was not
observed with an increase of speed.

4.2. Joint muscle torque

The curves of the hip flexion torque are shown in Figs 8 and 9.
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Fig. 10. The hip joint angle under different loads. Fig. 11. The hip joint angle at different speeds.

It can be seen in Fig. 8 that the load mass exerts great influence on the flexion and extension torque
of the hip joint. In the swing phase, the flexion and extension torques are not affected by load variation.
The stretch torque of the hip joint increases to support greater body weight with the increase of load.

In Fig. 9 it can be seen that the impact of the change of speed on the flexion and extension torque of
the hip joint is mainly reflected in the early stages of the stance phase and the early and late portion of
the swing phase. The influence on other stages of the gait cycle is small.

4.3. The angle of the hip joint

The flexion angles of the hip joint under different conditions are shown in Figs 10 and 11.

It can be seen in Fig. 10 that the flexion angle of the hip joint produces an apparent change when a
10 kg load was added. With additional mass, the bending angle increased gradually over the course of
the gait cycle, and was notable when the heel touched down. While the bearing external weight, the body
maintained its center of gravity over the pelvis to reduce the energy consumption. The front rake of the
trunk increased, which lead to the increase of the bending angle. When the heel touched the ground,
the increase of the flexion angle enlarged the buffer between the heel and ground. With every 10 kg
incremental increase, the bending angle increased by 3.5°.

In Fig. 11, it is observed that the influence of walking speed on the flexion angle of the hip joint was
less significant compared to the load mass.

5. Conclusion

The biomechanical model of human walking with load carriage was analyzed kinematically. Experi-
ment data of load carriage was used the basis for this investigation, and the dynamic data of each lower
limb segment was calculated. This paper establishes a detailed theoretical basis for engaging in future
research the human gait under load carriage.
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