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Abstract—The purpose of this paper is to suggest a new three-dimensional multi-link system
dynamics simulator. A ‘Jacobian’ matrix was generally used for calculating the dynamics of the
multi-link system in previously proposed methods; however, this method has many difficulties related
to the computational cost and precision of the calculations. For example, there are the problems of
the singularity and the accumulation of calculation errors when it follows from the root to the end of
the link, and the problems of treating external force effects in the angular space dynamics. In this
study, we consider a multi-link system as a multi-particle movement system and each of the particles
are connected by a kind of spring damper model as an imitation of a link. Using this mechanism, the
Jacobian matrix is not required in the dynamics simulation and the complexity of the link dynamics
simulation is-dramatically decreased by way of introducing a rotational plane concept. We confirm
the effectiveness of the simulator through some dynamics simulations such as walking.

Keywords: Three-dimensional multi-link simulator; robot control; link dynamics.

1. INTRODUCTION

Many multi-joint type robot systems have been recently proposed (WABIAN [1],
HRP [2], ASHIMO [3], KHR-1 [4]) and used with the aim of imitating human
movement [5]. The rationale for imitating human movement is to acquire a new
movement which was impossible in previous studies and to search for a generating
or learning mechanism of the movement which is closer to that of a human being.
For realizing human movement, however, it is necessary to introduce expensive real
robot systems and to prepare the environment of the system at the same time. In
addition, we must include an algorithm to realize a task into the control system
and confirm the effectiveness step by step. In this case, physical problems with
the control system and performance deterioration of the motors or actuators can

*To whom correspondence should be addressed. E-mail: toda@ golem kz.tsukuba.ac.jp
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Joint position description Joint angle description

(.’131, Y1, zl)

(x27y27 ZZ)

(33n7 Yn, zn)

Figure 1. Joint position and angle description.

cause serious difficulties. When the movement does not go well, it 1s difficult to
analyze it and understand if the reason lies in the control algorithm or the physical
structure (kinematics) of the robot. If the purpose of using a real-world robot
depends on ascertaining the role of the control algorithm and the effect through
the experiments, the practical working difficulties will be equivalent to the cost of
manufacturing an atomic bomb and ascertaining the explosive power. In addition,
destructive influences such as a turnover or shock become very important factors
and environmental effects such as the influence of the ground conditions (sandy or
muddy) also become important when we consider the safety of the robot system.
Generally, in order to reduce experimental cost, a virtual world computer simula-
tion (e.g. Open-HRP [6, 7], Human Figure [8]) or another mathematical calculation
method [9, 10] is used. However, it produces some difficulties because precise
modeling of the external environment and robot system itself is difficult. The ma-
jor reasons depend on the fundamental principle of conversion equivalence between
the work space coordination x and the angle state space ¢, and this principle assures
that we can change the work space coordinate into the angle state space coordinate,
which is convenient for the calculation. However, this conversion has a singularity
— in the case that there is no inverse matrix. In addition, there are problems of in-
troducing external effects into the angular space dynamics and an accumulation of
calculation errors when it follows from the root to the end of the link. In particular,
influences of external forces or effects to be added in the link system often appear
in the form of ‘condition of the ground’, ‘shock from the external environment’ or
‘link vibration and distortion’, and these influences are directly connected to the
stability of the system. Each time these external factors increase, the influences
must be analyzed and added into the link dynamics simulator in order to understand
the dynamics phenomenon in the angular state space. For example, in the case of
introducing unstable soft ground into the simulator, we must know the influence of
the collision effect when a link touches ground and the effect of the ground motion
itself. These factors are analyzed and added mathematically in the angular state
space. In short, the dynamics phenomenon on the work space coordinate is difficult
to convert into the angle state space. In almost all of the cases, these analysis and
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conversion processes are very complex, and the precision of the simulation of the
dynamics has fallen through the process of simplification. Each time we want to
add environmental factors into the simulator, we must repeat these processes and
reduce the degree of freedom of the simulator against the environments. These
processes cause a heavy calculation load and the precision of the calculation is thus
reduced. In this study, we propose a new multi-link dynamics simulator system
which does not need to use the ‘Jacobian’ conversion process from work space to
angle space or from angle space to work space in the link dynamics calculation.
Our proposed method considers that the multi-link system is equivalent to a multi-
particle system in which each of the particles is restricted by other particles. In other
words, the system in which each of the particles is connected with a spring—damper
model is considered as an approximation of the link movement in our method. Us-
ing this approximation, the amount of calculation is reduced dramatically and it
is easy to introduce external dynamic factors of the environment in the proposed
method.

2. DYNAMIC LINK MODEL DESCRIPTION

The proposed multi-link system description method does not utilize the angular
expression method of the rigid body system which is used to describe the link
dynamics in the previously proposed method. It does not use the joint angle state
space, except when necessary. The position relation of the joint on the work space 18
used in order to describe the joint angle. An expression of the joint angle becomes
possible if there are at least three points on the work space as shown in Fig. 2a. We
consider that each of the points is connected by some kind of restriction condition.
Although any kind of restriction condition may be used, we selected the spring—
damper model as the restriction condition due to reasons of simplicity and stability
(Fig. 2b).

a) b)

(1,71, 21)

(®1,91, 21)

(1?3»93123) (z3,3, 23)

(z2, Y2, 22)
(z2, 92, Zz)

Figure 2. Link position description as a spring-damper model.
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(z2, 12, 22)
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(333, Y3, Z3)
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y

Figure 3. The joint representation constructed from three particle points.

Each particle receives some force from the other particles under the conditions
of presuming a spring—damper model and this system cannot move in any free
direction.

As shown in Fig. 3, one joint is constructed when one particle is restricted at a
distance [ from the other two particles. This restriction condition is very important
for treating rigid body dynamics as ‘the system has the size’. For introducing the
motion equation of the multi-link system under the restriction condition of the
spring—damper, we define the Lagrangian of the system with only three particle
points in the three-dimensional space:

L=T-G
1 5y 1 59 1 oy 1 1
:5mw%+§mﬂ%+§mﬂ%~§KAﬁ—§KA@ (1)

where 551 = (xl, Y1, 21)7 22 = (JCZ, Y2, Zz), 553 = ()Cg, y3, Z3), L is the Lagrangian,
T is the kinetic energy, G is the potential energy of the spring, K is the friction
coefficient of the damper 1 and damper 2, and m, m, and m3 are equal to mass of
each particle. We define Al; and Al as:

Al =11 — |3 — X
Al =1 — [X3 — X 2)
Using the method of the Euler-Lagrange equation:
oL

T =X (3)
8x1 !

oL I I
— =2K(X1 —x) - |1 — 5=~ 4)
0x1 (X1 — X3
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The motion equation X of the particle 1 is:

daL oL . S
dt 9%, 0% ©®)
That is:
=3 - - l
mix1 = —2K(x1 — x2) - [1 - T‘—L':»—] 6)
X1 — X2
By defining l;, = |X; — X2|, we obtain:
3 = = l
mi¥d, = —2K (&1 — xg)[l - —1—] (7)
hia

The singular point is created when the position %1 equals x,. However, because the
two particle positions are thought to be connected with a spring, we can consider
that the singular point is not created. It only occurs under a large external force,
with the spring completely contracted.
Other coordinate motion equations are represented as:
= - > [ ) 1 ]
mix; = —2K(@x; —x)|1 - — (8)
3P

More importantly, the effect of the number of restriction conditions directly appears
in the Lagrangian function as simply increasing the number of terms and it appears
in the motion equation as simply increasing the number of terms. For example, the
motion equation of particle 2 is represented as:

3 - - l
moxy = +2K (x1 — xz)[l — ——L]
)

— 2K (33 — 22)[1 - 12—] )
I
where 3 is the distance between particles 2 and 3. The motion equation of particle
3is:
5 v o [ I ]
msxy = —2K(xs —x){1 — — (10)
I3
We can understand that (9) has two spring-damper restriction conditions from
particles 1 and 3, and (10) has one restriction condition from particle 2. This means
that the number of restriction conditions never increases the complexity of the
motion equation and is directly proportional to the number of restriction conditions.
When we consider the motion dynamics by using the angular state space, we need
to resolve the angular acceleration level dynamics of the system. If the dynamics
include the free work space movement, the description will be complicated by the
center of mass movement and the rotation or relative movement. However, our
proposed method does not need to consider those coordinate conversions. For
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example, a fixed position can be described very simply by way of X = 0 and
X ; = 0, but these restriction conditions are difficult to treat in the angular state space
description. In addition, our approach does not depend on whether a link is closed or
open at all, e.g., the open link in Fig. 3 can converted into a closed link by connecting
the joint coordinates 1 and 3 by a spring—damper; motion equations (8) and (10) just
have two terms, respectively, such as in (9) and the unstable computational structure
does not occur: '
Our proposed method is very simple, but there are some difficulties:

(i) Each particle position has a small vibration.
(ii) There is no rotation restriction of the joint.
(iii) It cannot represent the torque or the friction effects in the system.

Below, we describe each of these points.

3. THE DEFINITION OF THE ROTATION PLANE

Since each particle is connected by the spring system, the first problem is clear.
However the vibration effects can be inhibited by using other factors such as
compliance or friction effects of the spring system. If vibration does occur, the
conservation of mechanical energy of the link system is not maintained. In real
world motion dynamics, energy dissipation occurs in the aluminum or iron link,
and we can explain that the dissipation is converted to internal grid motion and
disappears as thermal energy. In addition, we can introduce a very large external
impulse by using the solid-state properties such as ‘thermal’ effects or expansion or
contraction.

The next problem is rotation restriction. The joint movement equations (8)—(10)
represent ‘spherical joint’ dynamics, such as in a hip joint, but a general serial link
has only one motor and is restricted to a single rotation axis. Figure 4 represents
three particles and a surface which is spanned by the three points. We define this
surface as the ‘rotation plane’. The surface has a normal vector 7 and we construct
the restriction that the three particles can move only in the rotation plane.

First, we calculate Xj, X, and x3 of the three particles. Next, we delete the
acceleration factor parallel to the normal vector (Fig. 5). For example, by using
the normal vector 7 and |7i| = 1, the acceleration factor parallel to 7 is represented
as:

i =@ -ann (11)

By deleting the parallel factor:

i B S & I (12)

The acceleration term a®” is used instead of @. We can define the rotation joint
which has a single rotation axis by using this process.
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Figure 4. Rotation plane.

~aA)n

y

Figure 5. Acceleration decomposition.

3.1. Torque effect

For simplifying the torque effect descriptions of the joint movement, we consider
the one-dimensional space movement of two particles (Fig. 6). There is no friction
in the system, and the two particles are in touch with the spring and not connected to
each other. If the spring becomes stretched, the two particles move separately. This
shows that there is no center of mass movement and that only relative movement
has occurred (Fig. 6¢).



984 H. Toda and Y. Sankai

Figure 6. One-dimensional movement of two particles. (a) Initial state. (b) The presence of internal
force. (¢) Fip = —Fa3.

The motion equation is:

my¥y = Fp + Fp* (13)
moXy = Fig + Fy" (14)
here F{* is the external force to particle 1 and Fy; is the internal force, and there
1s a snnple relationship F»; = —Fj,. That is the law of action and reaction. We
consider the case of Ff* = 0 and F;* = 0, and the relative movement equation
X = X1 — Xy 18:
mms ..
— X =Fp (15)
my + my
1 — mimg .
where 1 means the conversion mass 4 = -
px = Fip (16)

When we apply it to the rotation movement, the key point is that the internal force
Fy, is equivalent to the torque effect and it is the force which tries to open a joint
angle as an internal force. We can consider this situation in the rotation movement,
where the motion equation is:

1151 =T =T (17)
Ly =11y = —1 (18)

where I; and I, are of the momentum values and 6; and 6, are the rotation angles of
mass 1 and 2. The important point is that the torque 7 can be treated as an internal
force and we can separate it in to the movement of two particles (Fig. 7).

The force f; which is generated by the torque 7 in a distance [; (Fig. 3):

T

fi=r (19)
1
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Figure 8. Influence on the two particles by the torque effect.

In general:

985

(20)
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[ =AX ()

Figure 9. Rotation angle and angular velocity.

where 7 is the normal vector of the rotation plane, X1 is the position of the particle
from the rotation center and [ is the distance I = %]

Two particles are effected by fi and f, calculated from Fig. 8:
e T -5 - e T = -
fi=Gnxx, fi=ph XX 21

& L

By using this decomposition process, we can convert the torque effect to the force
toward the two particles and we can describe the torque effect of the joint.

3.2. Friction effect

The next process is to describe the friction effect of the joint in the rotation
movement. First, the friction effect is represented as:

T =—-D0 (22)
where D is the friction coefficient, 6 is the rotation angle and 7 is the torque. Itis
clear that [ = r - 6 (Fig. 9):

Al=r-6=A%~X (23)
in the case of a very small time step.
In addition, by including the fact that one joint is constructed from three particle

coordinates, the particle position %, ¥,’s angular velocity 6y, 6 seen from the
rotation center X, is directly connected with the joint angle velocity 6:

A)_C-)l 52 . AJ_EZ 3—22
e T s (24)
L L b I

The torque value calculated from the friction effect of the joint is:

i D.
7:frlctlon — _Z(xl - x2) (25)
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D .

— 7(363 —~ X2) (20)
2

By adding this effect to (21), we can include the friction effect in the multi-link

movement dynamics.

4. SINGLE-LINK MOVEMENT CONTACT WITH FLOOR

In this section, we simulate a single-link system movement which is constructed
from three particles, and confirm it under the condition of a free-fall state to touch
and bounce off the floor. Figure 10 shows the movement of the single-link system.
In the first phase, the link system falls down due to gravity (phase 1). This effect is
realized by adding the gravity effect to the motion equation:

de

mia?i‘ = F; (27)
dy?
dz?

Mmigg = F,+mig (29)

where m; is the mass of each of the particles, g is the gravity constant and
(Fy, Fy, F;) means the calculated force from (21) or spring—damper effect. The
next phase is to touch the floor. The third particle contacts with and bounces off the
floor. In this phase, we use the floor effect as:

d
d nd (z > floor height)
=1 4 (30)
g —0.852 (z < floor height)

This is just an inelastic collision. In the third phase, the collision effect is transmited
to other particles by the spring system and particle 2 shifts position to the right
direction. In our proposed model, it is very easy to include these external effects as
the force effect to each of the particles. For example, the effect of floor contact can
be changed to an elastic collision, spring-type floor or non-linear deformation.

5. WALKING MOVEMENT OF THE HUMAN LINK MODEL

In this section, we construct an eight-particle link model which is shown in Fig. 11.
This model has six rotation joints, p(1)-p(2)-p(3) represents a single joint, and
each of the joints has friction and we can give a torque for each of the joints. The
link length is 10 [p(1)-p(2) and p(8)-p(7):foot position}, 50 [p(2)-p(3) and p(6)-
p(7):legl, 40 [p(3)-p(4) and p(3)-p(6):hip], 20 [p(4)-p(5):hip joint width] in this
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particie (1) ¥

lnitiai"a.position

particle (2) ﬁ

particle (3) ¢

Figure 10. Single link movement contact with the floor under the effect of gravity.

particle(b) .
particle(4)

particle(6) — =

particle(7) = —— particle(3)

particle(8)~,

particle(1)— ~ T~ particle(2)

Figure 11. Human link model] constructed of eight particles.

model (more detailed parameters are shown in Table 1). Figure 12 shows the free-
fall phase of the simulation. The human model falls down and touches the floor. The
floor is a simple spring system and each of the particles is effected by the criterion
condition such as (30). We define the mass of the p(1)-p(3) and p(6)-p(8) as 1.0,
and p(4)-p(5) as 10.0.

The next phase represents the walking movement in which the right leg is in the
support phase and the left leg is in the swing phase (Fig. 13). In this simulation,
the walking motion plan is given by an operator beforehand in order that the zero
moment point [13] is under the foot’s support polygon and each of the joint torques
is determined by a simple PD feedback rule to realize the planned motion.




Three-dimensional dynamics simulator 989

t=1000 4——————

Figure 12. Free-fall phase. (a) Initial state (f = 0). (b) The model touches the floor and holds the
standing state (¢ = 1000).

Table 1.
Precise model parameters

Parameter Link connection Value
Length p(D)-p(2), p(7)-p(8) 10
Length p(2)-p(3), p(6)-p(7) 50
Length p(3)-p4), p(5)-p(6) 40
Length p(4)-p(5) 20
Mass p(1)-p(3), p(6)-p(8) 1
Mass p(4)-p(5) 10

Joint friction p(L)-p(2)-p(3), p(2)-p(3)-p(4) 5.0
Joint friction p(3)-p(4)-p(5), p(4)-p(5)-p(6) 5.0
Joint friction p(5)-p(6)-p(7), p(6)-p(7)-p(8) 5.0

In order to realize forward walking movement of the human model, a friction
effect formed by a foot contact with the floor is needed. If a particle is contacting
with the floor (the walk direction is x) and the vertical component of the ground
reaction force is T;:

dx

=y L | (31)

where £, is the reaction force of the particle from the floor, y 1s the friction drag
and % is the velocity. The ground reaction force is represented by:

A7 < i
T, = {mlal #, 2z < floor height (32)

0 z > floor height

where 7, is the normal vector of the floor and ¢; is the particle’s acceleration.
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t=3000 <4————— t=1000

Floor

Figure 13. Walking movement phase 1. (a) Initial state (z = 1000). (b) Final state (t = 3000).

Floor

t=5000 4———— {=3000

Figure 14. Walking movement phase 2. (a) Initial state (1 = 3000). (b) Final state (r = 5000).

Figure 14 shows the walking movement when the right leg is in the swing phase
and the left leg is in the support phase. The torque response curve of the support
and the swing leg is shown in Fig. 15 from the free-fall phase (¢t = 0 — ¢ = 1000)
to the first walking motion phase (¢ = 1000 — ¢ = 3000).

6. DISCUSSION

In our proposed model, the effect of the moment of inertia has not yet been defined.
However, since the moment of inertia can be understand as the difficulty of rotating
an object, it is possible to convert it as the torque effect (Section 3.1) such as the
friction (Section 3.2). For example, we can convert the inertia as a single large mass
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Figure 15. Torque response of the support leg () and the swing leg (b) in walking movement (from
t = 0tot = 3000).

in the case when the center of the rotation is defined. If the mass is positoned at the
terminus of the link, we can calculate the conversion mass m:

5 1
[=m-I"&m=— (33)

12
where [ is the link length and 7 is the moment of inertia. By using this method, we
can include the effect of the moment of inertia. With regard to the computational
cost, the order of the forward kinematics calculations of multi-link system is about
O(n) and the order is changed to O(n?) in the case that there are restriction
conditions [9, 10]. However, the order of the our proposed method is O(n) under

the restriction conditions and this is another advantage of our proposed method.

7. CONCLUSIONS

In this paper, we propose a new three-dimensional multi-link movement simulator.
Our proposed method considers the multi-link system as a multi-particle movement
system which each of the particles being connected by a simple spring-damper
model. By including the rotation plane in this model, we can freat the revolute joint,
and represent the effect of the torque and the friction. By using this assumption, it
is not necessary to use the Jacobian matrix for calculating the link dynamics and it
is very easy to manage many of external effects, such as the floor, external shock or
gravity effect, as external forces toward each of the particles. These features play
an important role in the complex dynamics simulation of the multi-link system,
especially in the case of a large numner of links. Through experiments with the
multi-link dynamics simulation, we confirmed the effectiveness of the proposed
method. This means that the work space representation of the multi-link system
is more useful for the movement dynamics simulation as compared with the angle
state space representation.
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