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Abstract: Humanoid robots are a hot topic in the field of robotics research. The walking system is the critical
part of the humanoid robot, and the dynamic simulation of the walking system is of great importance. In this
paper, the stability of the walking system and the rationality of its structural design are considered in the study of
dynamics for a humanoid robot. The dynamic model of humanoid robot walking system is established by using the
Lagrange dynamics method. Additionally, the three-dimensional model of CATTA is imported into ADAMS. The
humanoid robot walking system is added with the movement of the deputy and the driving force in the ADAMS.
The torque and angular velocity of the ankle joint and hip joint are analyzed in the process of knee bends. The
simulation results show that the overall performance of the humanoid robot walking system is favorable and has
a smooth movement, and the specified actions can be completed, which proves the rationality of the humanoid

robot walking system design.
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0 Introduction

Because the movement performance of the humanoid
robot walking system determines the rationality of pro-
totype production and the stability of movement, a sim-
ulation analysis is needed to assess whether the design
of the walking system meets the requirements. In ad-
dition, the design scheme is improved to increase the
probability of the successful development of the phys-
ical prototype. By combining the dynamics analysis
software ADAMS/View module and CATIA, and solv-
ing the motion parameters of the main joints, the simu-
lation movement curve is given, and the motion simula-
tion of the walking system is realized. Then, the motion
parameters of the humanoid robot are obtained, which
provides Ref. for the optimal design of the walking sys-
tem and the choice of power source.

To study the stability of the humanoid robot walking
system, the dynamics of the walking system are studied
in this paper. Various theoretical models can be used
in the study of dynamic problems. At present, dynamic
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analysis methods mainly include the Newton Euler
method!”, Kane method[>®! and Lagrange method!*->!.
Reference [6] uses the Newton Euler method to analyse
the fully parallel robot. This method is more intuitive,
and the concept is clearer. However, considering that
the internal force does not work, the amount of calcula-
tion is quite large. Reference [7] uses the Kane’s method
to analyse the bionic robot. The calculation process of
this method is recurrent and normative, which is con-
venient for computer programming. However, because
this method needs to calculate the system kinetic en-
ergy function, both derivative and integral, it will be
difficult to solve. Considering that the humanoid robot
walking system is a complex multi-rigid-body system,
the Lagrange method can adapt to the motion require-
ments of fast response and high accuracy, and it also
has strong theoretical and logical properties.

In this paper, the Lagrange method is used to simu-
late the humanoid robot walking system, and dynamic
simulation is carried out by ADAMS. The simulation
results show that the motion stability of the humanoid
robot walking system is verified.

1 Structure Model of Humanoid Robot
Walking System

The humanoid robot walking system is the



J. Shanghai Jiao Tong Univ. (Sci.), 2019, 24(1): 58-63

anthropopathic design for the robot walking system.
The human body can be divided into two large distri-
butions of bones: the bones of the upper limbs and the
bones of the lower limbs. Because this paper studies the
walking system, only the bones of the lower limbs are
described. The bones of the lower limbs can be divided
into two major parts: lower limb girdles and bones of
the free lower limb. The anthropopathic analysis of the
walking system mainly covers the structures of the hip
joint, knee joint and ankle joint, as well as research on
the method of joint replacement, as shown in Fig. 1.
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Fig. 1 Kinematic sketch of robot forward motion

It goes without saying that the study of human
mimetics is beneficial to the structural design. The
motion of the lower limb can be simplified as a rota-
tional motion about an axis that is easier to implement
and control in the mechanical structure. From top to
bottom, the hip joint can be broken down into three
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orthogonal axes; the thigh around the X, Y, Z axes
can perform a certain range of rotation. The knee joint
is mainly used for large angle flexion and extension,
and it can be regarded as rotational movement around
the axis. The ankle joint can not only can rotate to-
wards the top and bottom of the foot but also rotate
inside and outside. To ensure that the completion of
the scheduled basic functions is closer to human mo-
tion, according to the practicality and cost of design as
well as a comfortable range of human lower limb joint
movement, the movement range of each joint is designed
as shown in Table 1.

2 Simulation Model of
Robot Walking System

Humanoid

2.1 Format Transformation of Humanoid
Robot Walking System Model

ADAMS simulation analysis is mainly used to ob-
tain the dynamic and kinematic parameters of the hu-
manoid robot walking system. If using the ADAMS
modelling system, it needs to be modelled again, which
will greatly increase the analysis time. To improve de-
sign efficiency, the model established in CATIA can
be imported into ADAMS. To implement the trans-
fer of the model, as reported in Ref. [8], it relies on
SimDesigner™ (SD) for the CATIA V5 product in-
terface software to be completed. SD can convert the
CATTA model to the CMD format, which is the de-
sired model format conversion. To ensure model qual-
ity, the assembly and parts are transformed simultane-
ously. The assembly drawing of the humanoid robot
walking system is shown in Fig. 2. After format con-
version, the model is imported into the ADAMS/View
module as reported in Ref. [9].

Table 1 Lower limb movement range of each joint of the robot

Joint name

Hip joint

Knee joint

Ankle joint (simplified as a two degrees of freedom)

2.2 Dynamic Modelling of Humanoid Robot
Walking System

The results of the dynamic analysis are related to the

performance of the whole design. Due to the various

Sports name

Rotation inward/outward

Forward and backward Bend/Extend

Movement range

Outward 45°
Inward 45°
Forward 120°
Backward 15°

Adductive/Abductive Adductive 45°
Abductive 45°
Bend/Extend Forward 90°
Backward 0°
Adductive/Abductive Left 45°
Right 45°
Bend/Extend Forward 50°

Backward 50°

models used during computation, there is a large dif-
ference in difficulty level and it is very difficult to estab-
lish an accurate calculation model with so many mov-
ing parts. Each method has some advantages and some
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Fig. 2 Assembly drawing of the humanoid robot walking
system

disadvantages. By contrast, using the Lagrange dy-
namic equation to study the dynamics of the humanoid
robot walking system is able to ensure the accuracy of
the calculation and improve the efficiency of calcula-
tion. Therefore, to obtain the dynamic and kinematic
parameters of the humanoid robot, the robot walking
system model is simplified as a connecting rod motion
model. The model can be described as

L=K-P, (1)

where, K is kinetic energy; P is potential energy; L is
the difference of the two values. The dynamic state of
the Lagrange equation is described as

d /oL 0L
Fi = .= ) 2
di (3% 3%‘) @)
i:1727"' 1,

where, i refers to the corresponding connection; Fj, g;
and ¢; refer to the force of the corresponding connecting
rod, rotation angle and velocity, respectively. Suppose
a point on the rod motion model is p. The kinetic
moment of the connecting rod joint is defined as
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where, I,; refers to the equivalent rotating inertia; Pr),
refers to the local (relative to point p) position vector
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in the coordinate system; g refers to the gravitational
acceleration; m,, refers to the mass of point p; I, refers
to the pseudo inertia matrix; T, refers to the transfor-
mation matrix.

At this point, the humanoid robot system dynamic
model is expressed by the Lagrange dynamic equation,
according to the concrete process in Ref. [10].

2.3 Dynamic Simulation of Walking Process of
Humanoid Robot

The addition of the motion pair is performed in the
Digital Mock-Up (DMU) module in CATTA and is then
imported into ADAMS via SimDesigner'!), adding the
necessary constraints that could not be added in the
DMU. The necessary simplification of the model is car-
ried out, not only defaulting for some parts such as
screws and nuts but also regarding the fixed relation
of parts such as assembly parts (equivalent to a part)
that are assembled in ADAMS; this approach can re-
duce the computational complexity and computational
error. Importing the CATIA model into ADAMS via
SimDesigner and the motion pair are shown in Fig. 3.
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Fig. 3 Schematic diagram of a walking system motion pair

There are three main kinds of motion relations in
ADAMS, including lower pairs, higher pairs and basic
pairs, which can satisfy most of the motion pair set-
tings. A rotary joint is defined as a rotating pair; there
is a relative sliding between the nut and the leg brace,
which is defined as the moving pair. These kinematic
pairs can be defined and edited directly in ADAMS, and
it is necessary to pay attention to the consistency of the
defined constraint direction and the actual walking di-
rection; otherwise, it will result in an invalid solution
or no solution. For the joint torque setting and con-
straints, we need to pay attention to the same problem.
The knee bend action during walking is the first action
to complete, and the ankle and hip joints will withstand
higher torque in the process of the first step; thus, the
ankle and hip joints are carried on the movement sim-
ulation. After adding the motion pair and the drive in
the humanoid robot walking system, the virtual pro-
totype model completed by loading is shown in Fig. 4.
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The ground option must be set in the simulation; oth-
erwise, it cannot be simulated and analysed and then
combined with the actual design of the motion param-
eters. The analysis time of the ankle joint is set to
25 s, the number of steps is set to 100, and the analysis
accuracy error is required to be within 0.001%.

Fig. 4 Virtual prototype simulation analysis of bending
knees in the walking system

3 Analysis of Simulation Results

The validity of the constraint and load settings is
determined through the analysis of the curve graph
and the related animation, which is also reported in
Ref. [12]. If correct, the next step is to simulate; if in-
correct, we need to modify the parameters. We acquire
the velocity change curve and the torque curve, which
are obtained by the actual simulation in the motion pro-
cess. In the following simulation curve, Figs. 5—8 are
the torque variation curves of right ankle’s lateral and
forward rotations in the X, Y, Z directions. Figs. 9—
12 are the torque variation curves of the left ankle’s
lateral and forward rotations in the X, Y, Z directions.
Figs. 13—14 are the variation curves of right and left
ankle’s angular velocity.

As seen from variation curves of the ankle’s torque,
the maximum torque of right ankle’s lateral rotation
is in the X direction and is approximately 2.35N-m
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Fig. 5 Torque of the right ankle’s lateral rotation in the X
direction
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Fig. 6 Torque of the right ankle’s lateral rotation in the Y
and Z directions
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Fig. 7 Torque of the right ankle’s forward rotation in the
Y direction
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Fig. 8 Torque of the right ankle’s forward rotation in the
X and Z directions

g

Z

=

e

X

]

=

=

HO 70 | | | 1 ]
0 5 10 15 20 25

Time/s
Fig. 9 Torque of the left ankle’s lateral rotation in the X
direction

(Fig. 5), while the torque in the Y and Z directions is
very small (Fig. 6); the maximum torque of the right
ankle’s forward rotation is in the Y direction, which is
approximately 4175 N -m (Fig. 7), while the torque in
the Y and Z directions is very small (Fig. 8); the max-
imum torque of the left ankle’s lateral rotation is in



62

|
ot
=)

Torque/N-m

I
—_
(X
[e=)

I
V)
33
S

Time/s
Fig. 10 Torque of the left ankle’s lateral rotation in the Y
and Z directions
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Fig. 11 Torque of the left ankle’s forward rotation in the
Y direction

—_
e}
(S

. 3.00r
- 2.33¢ T
< T
’«‘f 167' ’l ~-~—“,
= 100} ;
X H |
2 0.33f -. ' |
3—0.33 oL
H .
—1.00 L 1 1 1 ]
0 5 10 15 20 25
Time/s
Fig. 12 Torque of the left ankle’s forward rotation in the

X and Z directions
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Fig. 13 Variation curves of the right ankle’s forward and
lateral angular velocity

the X direction, which is approximately 3 x 10*N-m
(Fig. 9), while the torque in the Y and Z directions
is very small (Fig. 10); and the maximum torque of
the left ankle’s forward rotation is in the Y direction
(Fig. 11), which is approximately 1.5 x 10° N - m.
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Fig. 14 Variation curves of the left ankle’s forward and
lateral angular velocity

The analysis results show that the right foot is sub-
jected to bear less torque, as when the right foot is
lifted, the left foot is always on the ground. The rota-
tion of the body causes the right ankle joint to with-
stand a large movement, and the movement occurs in
the lateral direction at the front, which is the direction
of the rotation of the motor. The movement is consis-
tent with the system’s movement.

As seen from the variation curves of each ankle’s an-
gular velocity, the rotation directions of the right foot
and the left ankle are rather variable in the forward di-
rection. The comparison of Figs. 13 and 14 shows that
the left ankle has a front and lateral movement at the
same time, while the right foot does not.

The hip is also subjected to increased torque from
lifting and dropping the foot. The movement simula-
tion curves of the hip joints are shown in Figs. 15 and
16. The variation curves of angular velocity are shown
in Figs. 17 and 18.

As seen from the variation curves of the hip’s torque,
the maximum torque of the right hip joint occurs in the
lateral direction of the right hip. The maximum torque
of the left hip joint occurs in the forward direction of
rotation, and the left hip is still under the maximum
torque, which is similar to the force of the ankle joint.
The maximum torque is approximately 135N -m, and
the lateral and forward ankle’s variations of the right
and left hip joints are relatively independent.

As seen from the variation curves of the angular
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Fig. 15 Variation curves of the right hip’s forward and lat-
eral running torque movement of resultant force
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Fig. 16 Variation curves of the left hip’s forward and lat-
eral running torque movement of resultant force
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Fig. 17 Variation curves of the right hip’s forward and lat-
eral angular velocity
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Fig. 18 Variation curves of the left hip’s forward and lat-
eral angular velocity
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velocity, the ankle joint in the process of accelerating
is smooth, and each axis movement of the hip joint
changes evenly; such changes can also meet the design
requirements of initial stability. According to the above
analysis results, unless the force has a certain change,
the ankle motion of the humanoid robot is relatively
stable. The results verify the rationality of the motor
reducer selection and provide reference for the control
system design.

4 Conclusion

The stability of the walking system is assessed in the
study of dynamics for a humanoid robot in this pa-
per. The Lagrange method is used to simulate the hu-
manoid robot walking system; then, the dynamic sim-
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ulation is carried out via ADAMS, and the dynamic
analysis of the humanoid robot walking system is com-
pleted. From the results of the simulation analysis, the
torque and angular velocity of the ankle joint and hip
joint change uniformly, and there is no violent vibra-
tion in the movement of the walking system; thus, the
humanoid robot walking system can complete the spec-
ified actions smoothly, which proves the rationality of
the humanoid robot walking system design.
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