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Abstract

The research of humanoid is widely discussed whether by simulations or real machines. In human bipedal walking, swing-
ing arms in opposite directions is a natural movement. In this research, a model of the humanoid robot, including slipping,
bumping, surface-contacting and point-contacting of the foot has been established, and its dynamical equation is derived by
the Newton—Euler method. And the natural arm-swing simulation has been produced, which showed that the input torque
in yaw rotation of the torso could cause natural arm-swing. “Natural” means that the arm-swinging motion is induced by
coupling effects existing in nonlinear dynamics of humanoid robot even though no torques have been input into shoulders.
Based on the results, a hypothesis that the vibration in the yaw rotation of the torso caused natural arm swing is proposed.
In this paper, we compared the arm-swing movement with or without the input torque of yaw rotation of the torso by using

the above humanoid robot model. The simulation data proved the hypothesis to be valid.
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1 Introduction

Human beings are deemed to acquired the ability of stable
bipedal walking in evolving repetitions so far. Our research
has begun from the viewpoint of aiming to describe gait’s
dynamics as correctly as possible, including point contact-
ing state of foot, toe slipping of the foot and bumping [1, 2].
Based on [3], the dynamics of humanoid can be modelled
as a serial-link manipulator, including constraint motion
and slipping motion using the Extended Newton-Euler (NE)
Method [4]. The NE method enables us to make a dynami-
cal model of robots by repetitive calculation that is different
from Lagrange method. And it is possible to calculate inter-
nal force and torque not generating real motion. It seems to
be an advantage of the NE method that other methods do not
have [5]. This merit can be applicable for propagations of
constraint and impact force/torque when discussing human-
oids walking based on strict dynamical models.
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In previous researches, a walking model of the humanoid
robot, including slipping, bumping, surface contacting and
point-contacting of the foot were discussed, having paved
the way for original strategy of “Visual Lifting Approach”
(VLA) [6-8] for generating continuous walking gaits. Since
our discussions concerning humanoid’s walking have been
based on simulations, we have to be careful for preciseness
of the dynamical model used for simulations. So the authors
have made efforts to confirm that the used dynamical model
represents the humanoid’s motion correctly [9—12]. And
the current research about natural arm-swing has been con-
ducted above the basement of the previous researches.

In this research, we focused on human’s natural arm-
swinging motions during the walking. Arm swing in human
bipedal walking is a natural motion wherein each arm swing
with the same phase of the opposite side leg without any
input torque in the shoulders and arms. Studies on the role
of arm swing consist mainly of analysis of bipedal walking
models and treadmill experiments on human subjects [15,
16]. Bipedal walking models of various complexity levels
explained the effects of arm swing on human locomotion
[17, 18]. However as far as the authors know, no report
has clarified the causality of natural arm-swing based on
dynamical model with changing constraint conditions of foot
contacting.


http://crossmark.crossref.org/dialog/?doi=10.1007/s10015-020-00636-0&domain=pdf

Artificial Life and Robotics (2021) 26:76-83

In this paper, we used the physical humanoid model com-
posed of 17-link and 18 joints that has been built [9-12].
We found that when there was no input in the shoulders
joints and the torso in bipedal walking, the arm-swing spon-
taneously with a same phase in the same direction. While
when the torque to yaw rotation of the torso is added, the
symmetrical arm-swing appeared with opposite phase. We
have examined the causality of how the yaw rotation of
torso influences arm-swing through the dynamic coupling
by Newton-Euler(NE) Method.

2 Dynamical walking model
2.1 Humanoid model

In previous researches [1-9], a walking model of the human-
oid robot, including slipping, bumping, surface contacting
and point-contacting of the foot discussed. Its structure of
humanoid model is depicted in Fig. 1. Table 1 lists length /;
[m], mass m; [kg] of links and coefficient of joints’ viscous
friction d; [N'm-s/rad], which are decided based on [13]. The
equation of motion is derived by NE formulation according
to [19] as:
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Table 1 Physical parameters
Link l; m; d;
Head 0.24 4.5 0.5
Upper body 0.41 21.5 10.0
Middle body 0.1 2.0 10.0
Lower body 0.1 2.0 10.0
Upper arm 0.31 2.3 0.03
Lower arm 0.24 1.4 1.0
Hand 0.18 0.4 2.0
Waist 0.27 2.0 10.0
Upper leg 0.38 7.3 10.0
Lower leg 0.40 34 10.0
Foot 0.07 1.3 10.0
Total weight [kg] - 64.2 -
Total height [m] 1.7 - -
M(q)g +hig.q) +g(@) +Dg =7 (1)

Here, 7 = [f,. 7,7, -, T|7] is input torque and force,
M(q) is inertia matrix, both of k(q, ¢) and g(q) are vectors
that indicate Coriolis force, centrifugal force and gravity.
D = diagly,.d,,d,, - ,d\;] is a diagonal matrix which
means friction coefficients between foot and ground, and

link-17 3
joint-17! { ,
joint-11 42 o 3
J \o (o) o‘(Jolnt—14
(Ill\A ) o Q4
joint-12 G}Mk_lg 4 link-14 h E ‘ w5 5
ioi joint- 10 15
g joint-10, joint-15 ke yo__ SR RS SR I
/O link-11 g O‘ Iipk-lS Iln/k 16 > . -
& link-12 , C N lo| ok 10 Tig his
QE'G‘ ‘?’@K link-9 ‘\{; O Fais 2 yi3 o Yo Y Y6 S
\ - + 2 1% F---
Q, link-13'/ , joint-9 joint-16 =13 Is N l
'oint—"1/3 | @ Q _joint-8 h e %8 T 10
] i 5 q" J Yl T8 ys AT5
' link-8 Binkd e T ANErNLL T
lhsj()int_4 J|nk—4 joint-5 - 2 S
A
“OVs —
link-3 | "¢a % ) l3 3 4 T6 l5
AG G’/Ilnk—s y: l 1/6: I
v
joint-3 N » Joint-6 T 8 1
= 2 0
. 12 16
- link-6 /s x2 T7
joint-2 /NS W b b2 b
~ X S ---%
AL ink-2 joint- 2 2
k1 "0 link-2 ’°m5; ' g ! [
”L NJO':t_l , Imk-7 " 1 2 o _Nw
e — o AT

Fig. 1 Definition of humanoid’s links, joints, coordinate systems
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q = [Y9,91-9> * »q;7)" means the relative position between
foot and ground and those of joints. Then, we have prepared
20 kinds of gait models according to the states of motion and
contacting conditions of legs, and the gait transition diagram
with the transition conditions is shown in Fig. 2. Based on
it, we have realized bipedal walking in previous researches
[9-12]. For example, the gait transition of bipedal walking is
indicated by bold line arrows as 1 22?6 ? 10?18 7 1. Note
that which pass the humanoid model transits depends on the
results of dynamical motion induced. That is, the dynamical
model decided the appeared transition of walking (Table 1).

DAR

3 Analysis of arm swing

Opposite-phase arm swing is a typical pattern seen dur-
ing human’s bipedal walking. The left-arm swings for-
ward when the right leg moves forward, and vice versa
for the opposite leg and arm. This arms’ motions, thoug-h
natural, is not compelled by someone and not required.
For example, we can walk even while executing specific
manual tasks that constrain the arms from swinging (e.g.,
holding an object with two hands or carrying a suitcase).
However, without any particular coercion, the arm move-
ments look following a consistent arm-swinging pattern.
In this section, the causality for the generation of this
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fsy: The force on a foot of supporting leg

fiy: The force on a foot of lifting leg

fsy: The static frictional force on a supporting leg
fiy : The staticfrictional force on a supporting leg
¥s: The foot slip speed on a supporting leg

¥,: The foot slip speed on a lifting leg
£:0.001[m/s]

Fig.2 Translation of bipedal walking
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zj, : The distance from a contact surface to a heel of supporting leg
fr : The Normal force on a heel of supportingleg
g.: The angle between a contact surface and a sole centered on a heel of liftingleg

*1: Supporting-foot is switched from one foot to the other foot
#2: Case of walking to prevent slip
*3: Cade of coefficient of friction is very low and walking utlizing slip
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natural arm motion above is analyzed qualitatively from
a dynamics perspective.

The angular acceleration of the shoulders joints
directly determine the movement of the arm-swing.
Eq. (1) can calculate the angular acceleration of the right
shoulder (joint-11, abbreviated as j-11) and left shoulder
(j-14) as the following inner product [19].

17

i = ) My (x,— b) 2)
=1
17

Gia= ) M} (x,— b) 3)

i=1

where MZI.' means /-th row and i-th column component of
inverse matrix of mass matrix M(g). 7; is input torque for
j-i, b; is i-th component of vector in summation of h(q, §),
g(q) and Dg. How much each joint affects the left and right
shoulder joints is determined by M 1_41,1" M l_ll,i’ 7,and b,.

Using the control framework, VLA, in previous
researches [6—8], the humanoid robot walking has been
realized, the transition has been shown by bold arrows in
Fig. 2. As its dynamical equation is derived by the NE
method, it is possible to calculate constraining internal
force and torque even not generating real motion.

To explore the reasons for the occurrence of the natural
arm swing, an input torque of yaw rotation (j-8) with the
input torques for the shoulders (j-11 and j-14) kept to be
zero. The formula is as follows where ¢, means the time
of the supporting leg changing.

30 sin(z(r — t,))

(when supported by right foot)

30 sin(x(t - 1,)) @
(when supported by left foot)

Tg =

Simulations were conducted with conditions of 74 given by
Eq. (4) or 73 = 0. The data will be shown in the following
section.

4 Simulation

According to Sect. 2, gait transition that is repeated sta-
bly and represented by bold arrows in Fig. 2, has been
generated by the dynamical motions made by humanoid
model and VLA. The friction coefficient between the foot
and the ground is set to 0.7. The torques for making the
humanoid stand by VLA are given by [8], and the driv-
ing torques to make the humanoid proceed are given also
by [8].

4.1 Simulation results

Simulations were conducted with 15[s] based on the experi-
mental conditions thatis 7; =0 (i = 8,11, ---, 16). Figure 3
shows the screen-shot, the arms’ angles and the angular
accelerations of the humanoid, where a stable oscillation
appears after transition response of about 5[s]. In 15 s the
humanoid walked 23 steps with a distance of 11.19 metres.

Since there was no input in the shoulders and arms, Fig. 3
shows that the synchronous arm-swing occurred in the same
direction with the same phase. The spiking accelerations
appeared in Fig. 3c are derived from impact accelerations
when the heels contacted with the ground. When there is
an input torque of yaw rotation (j-8), even if the shoulders
joints have no input torque, Fig.4 shows that symmetrical
arm movements occurred during humanoid bipedal walk-
ing, having confirmed the causality that vibration in the yaw
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Fig.3 With no input torque to yaw rotation, 7g = 0. a is the screen-
shot and the number means the gait appeared in Fig. 2, (b) is the
angle of the shoulders and (c) is the angular acceleration of the shoul-
ders
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Fig.4 With input torque to yaw rotation,zg given by Eq. (4). a is the
screen-shot and the number means the gait appeared in Fig. 2, (b) is
the angle of the shoulders and (c) is the angular acceleration of the
shoulders

rotation of the torso is at least one of the reasons to cause
natural arm swinging. Though it cannot be said that the yaw
motion is the only reason to generate symmetrical swinging.
In this case, the humanoid walked 23 steps with a distance
of 11.27 m in 15 s. The insight data were analyzed by NE
Method in the next subsection.

4.2 Analyses of the data

To make thorough inquiries into how the input toque of the
yaw rotation influences the arm swing through dynamic cou-
pling, we take out the data of the terms when calculating g,
and ¢, by Egs. (2), (3). Since the humanoid model has 18
joints, it is hard to show all of the data in this document. We
divided the whole body joints into two parts to explore the
insight of dynamical coupling, the lower limbs (from j-1 to
j-7), the upper limbs (from j-8 to j-17).

@ Springer
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Fig.5 With no input torque to yaw rotation, 73 = 0. a is the angular
acceleration and (b) is the inverse of inertia matrix of the joint of the
toe (j-1). (D means the angular acceleration made by j-1 to the right
shoulder; %) means the angular acceleration made by j-1 to the left
shoulder. (3) means the inverse of inertia matrix between j-1 and the
right shoulder; (4) means the inverse of inertia matrix between j-1 and
the left shoulder

4.2.1 Without input torque to yaw rotation

Firstly, considering the case of no input torque in both yaw
rotation of the body (j-8) and the shoulders (j-11 and j-14),
the same conditions for the walking shown by Fig. 3, the
influences from j-1 to shoulders are shown in Fig. 5. It shows
the angular acceleration (A) and the component of inverse of
inertia matrix (B) that evaluating how the toe rotation affects
the acceleration of the shoulder joints. Since the numeri-
cal value of M 1_41,1 and M 1_11,1’ one of the lower-limb portion
(®) and @) are consistent with each other, the toe rotations
contribute equally to the acceleration of g, and g,,, the left
and right shoulders (@ and ).

Secondly, considering the waist, we take the joint of the
yaw rotation of the body (j-8) as an example, as shown in
Fig. 6. It shows that the coupling terms M1‘41’8 (from j-8 to
j-14) and Ml_ll,S (from j-8 to j-11) (® and @) have always
opposite sign. However, when there is no input in the yaw
rotation, g — bg is almost zero since the dynamical coupling
of other joints is almost zero, so the terms of the waist((D
and (2)) became almost same (the sign is opposite but the
absolute values are very small, leading to the difference of
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Fig.6 With no input torque to yaw rotation, g = 0. a is the angular
acceleration and (b) is the inverse of inertia matrix of the yaw rota-
tion of the body (j-8)

g, and g, being almost zero). From (D to @, the contri-
butions to induce opposite-phase arm-swing from j-8 to
j-11 and j-14 are small, which is thought to be the reason to
appear the arms’ swinging to have same phase.

By summating the numerical values of the two parts, the
angular acceleration of the left and right shoulder joints
became equal, so synchronous arm swing appeared as shown
in Fig.3a, b.

4.2.2 With input torque to yaw rotation

This part considers the case that 74 (given by Eq. (4)) is
added to the yaw rotation of the body. Firstly, we take the
same joint of the toe (j-1) as an example, which is the same
condition given in the previous subsection. Since the orien-
tation of the upper limbs has inclined, the coupling from the
lower limbs to shoulders (M 1_1{1 B and M 1_4{1 @) changes and
has a phase-shifted by p as shown by (B) in Fig. 7. The same
tendency of above results appeared the shoulders accelera-
tions indicated by (D and ) in the figure.

When calculating §,, and §,,, which include the influ-
ence from the lower limbs (21'7=1 M;! (z;—b;) and
2;1 M1‘4"i(ri — b;)) are almost the same because the model
was symmetric, as shown by a and b in Fig. 8.

Then, as for the waist, we take the same joint of the yaw
rotation of the body (j-8) as an example. In Fig. 9a, b, the
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Time[s]

—_
@
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Fig.7 With input torque to yaw rotation, 7z given by Eq. (4). a is the
angular acceleration and (b) is the inverse of inertia matrix of the
joint of the toe (j-1)

coupling terms M1_41,3 and M1_11,8 (® and @) are almost the
opposite. Then resulted the angular acceleration terms for
calculating ¢, and g, have phase difference of p((D and ).
Overall, by summating the two parts, since the angular
acceleration made by the upper limbs(from j-8 to j-17) had
contributed almost the opposite value in the acceleration
calculation of the left and right shoulders (g, and g,,) as
shown by a and b in Fig. 10, the symmetrical arm angle with
phase difference of p appeared as shown in Fig. 4b.
According to the above data, we can conclude that when
the shoulder joints have no input torque, the natural arm
swing is directly related to the input torque in the yaw

50 _
% /b = Z M1411(T1 b;)
E 30 R , o
_§ | IR ANTNNE
2 10
2
8 10 \ ]
c;j_ I g L B B
530 a =) Mk — b
2 i=1

.50

0 5 Time[s] 10 15

Fig. 8 With input torque to yaw rotation, 7z given by Eq. (4). a is the
acceleration made by the lower-limb to g,,; (b) is the acceleration
made by the lower-limb to g,,
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Fig.9 With input torque to yaw rotation, 7z given by Eq. (4). a is the
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Fig. 10 With input torque to yaw rotation,zg given by Eq. (4). a is the
acceleration made by the upper-limb to ¢,,; (b) is the acceleration
made by the upper-limb to g,

rotation of the body during bipedal walking. To be more
specific, that the toque in the yaw rotation of the torso has
different dynamic coupling on the left and right shoulder
joints is one of the reason why the natural arm swing is
symmetrically opposite.
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5 Conclusion

Bipedal walkings with or without an input torque in yaw
rotation of the torso have been examined when the input
torque of shoulders kept to be zero. Even if the shoulder
joints have no input torque, the results show that sym-
metrical arm movement occurred during humanoid bipedal
walking. According to the results, the causality that vibra-
tion in the yaw rotation of the torso is one of the reasons
to cause natural arm-swing through the dynamic coupling
has been verified.
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