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Abstract—In the multi-link arm control process, the problems of trajectory planning and trajectory
realization have been recognized as being of key importance. We developed a technique by which to
realize a reaching movement control of the multi-link arm system, which was inspired by experimental
results for reaching movements of macaques or human beings. The proposed method can treat the
effect of the dynamics of the multi-link system and the trajectory planning of the end-effector, which
has a bell-shaped speed profile, as well as the difficulties of redundancies of multi-link systems.
Two-link arm reaching movement experiments revealed the same features, as demonstrated by the
results of biological experiments on humans and macaques. In addition, the results obtained using
a two-dimensional four-link model in a standing-up movement control experiment agreed well with
‘standing-up from a chair’ movement of human beings. Since the proposed method has a simple
structure and its implementation process is simple, the proposed method will be effective for use in a
multi-link system control strategy.

Keywords: Multi-link control; biologically inspired control; bell-shaped speed profile.

1. INTRODUCTION

Many creatures, including human beings, realize movement through multi-link
systems, or what are usually referred to as ‘arms’ or ‘legs’. Interpreting the
control planning and executive system of a creature as a control system is useful
for understanding the control strategy of the cerebellum as well as for application to
machine systems used by humans, e.g., walking assist systems [1] or artificial limbs

(Fig. 1).

*To whom correspondence should be addressed. E-mail: sankai@golem.kz.tsukuba.ac.jp
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Figure 1. Mathematical approach based on biological models.

Manipulator control has been investigated for decades [2]. Volpe and Khosa [3]
show that general impedances are useful for manipulator control, and a neural
oscillator model [4] has been used to exploit the intrinsic dynamics of the control
process. Approaches involving the cerebellum model [5-7] have been used for
motion creation and as a control model. Studies of the kinematic and dynamic
aspects of the planar, unconstrained multi-link arm movements of humans and
monkeys [8, 9] have shown some features such as:

e Straight-line hand trajectory.
e Single-peaked, bell-shaped speed profile of hand trajectory.

Bernstein [10] stated that there are three problems in multi-link system movement
control. The first involves how the central nervous system (CNS) selects a specific
hand trajectory from the infinite number possibilities in moving from one point to
another. The second involves how the CNS determines the joint angle combinations
in order to realize the hand trajectory. The third involves how the CNS realizes the
desired trajectory by giving motor control commands to the muscles. Trajectory
planning and the trajectory realization process are ill-posed problems and a unique
solution to these problems cannot be found.

From a biological perspective, a number of biomechanics models for multi-link
system control have been proposed, including the VITE/FLETE model by Bullock
and Grossberg [11], the equilibrium point hypothesis/control theory [12—14] and



Control based on biological reaching movement 663

the minimum torque change criterion model, proposed by Kawato et al. [15] and
Uno et al. [16]. Biological experiments examining monkey elbow movements have
indicated that the CNS generates control signals that define a series of equilibrium
positions [17] and Feldman [18] realized two-link arm reaching movement control
by using the equilibrium point hypothesis/control theory. According to the equi-
librium point hypothesis, Hogan [19] used the ‘minimum jerk criterion’ rule to
determine an ideal trajectory plan from the initial position to the final position of
the arm which had a ‘bell-shaped’ speed profile property. Generally, movement
control is constructed from two execution processes, which are divided into each
other functionally. The first process is trajectory planning, which corresponds to
the VITE model and the minimum jerk criterion rule. The second process is the
movement realization process, the FLETE model and a kind of torque criterion or
torque smoothness cost function that is used in conjunction with the model. The
trajectory planning process is treated using static trajectory planning algorithms,
which depend on work space coordinates and are independent of the dynamics of
the multi-link system. In addition, these two problems are not clearly separable.
Therefore, rather than handling the two processes using different algorithms, we
propose a controller that has a trajectory generating function. In this controller,
the force decision process is executed while performing the trajectory planning
process.

2. THEORY

A diagram of the proposed multi-link system controller is shown in Fig. 2.
The system controller is constructed from a trajectory planning controller and a
trajectory realization controller. These two controllers receive the position, velocity
and acceleration information of the end-effector of a multi-link system. The
trajectory planning controller uses this information to decide the ideal trajectory
of the end-effector as the force f of the end-effector and the trajectory realization
controller uses this information to determine all of the joint torques 7 of the multi-
link system. The proposed controller realizes multi-link reaching movement using

Initial
Position x; Tratect Py - Fraect ot
p-| Trajectory Planning — | Trajectory realization s
Target Controller f Controller T Motion Equation
Pi;%ﬁon x| 47 o . Cost function R - M(§)§+ Y(§ 5) - g
Y o mitki-D)| | =T -l = minimum :
. Torque deciding process
D= ali S0 & - 8 + 8- (3 ~ 5 Ti{t+1) =7n(t) + A
dJ
A7y = ~(—
T Cd’l’i
A A
Foro 7 orf

Figure 2. Block diagram of the proposed trajectory planning and realization.
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only the acceleration of the end-effector. This mechanism can reduce the controller
design complexity compared to previously proposed techniques, such as that of
Ma [20]. However, instabilities due to simplicity must be avoided. The proposed
controller manages instability by using a controller having the function of trajectory
generation. In addition, the trajectory realization controller also determines the
joint torques using only the acceleration of the end-effector and instabilities such as
inverse kinematics are managed by the trajectory planning controller. In many cases,
a previously proposed multi-link system controller is used to calculate the static
ideal trajectory plan before the movement and multi-link movement is realized by
following the calculated ideal trajectory plan (e.g., Fagg et al. [5]). This mechanism,
however, has disadvantages for external disturbances and a calculation error of the
inverse kinematics of the multi-link dynamics. The strategy of the proposed method
does not realize the multi-link movement by resolving the inverse kinematics of the
system and then controlling all of joints angles to previously calculated joint angles.
Rather, the proposed method conveys only the end-effector position of the multi-
link system from the initial position to the target position by using the acceleration
information of the end-effector.

2.1. Trajectory planning controller

The proposed controller determines the present control order by using the informa-
tion of the present hand position and the speed vector of the end-effector in the work
space. We defined the control rule as follows:

-

Frell = o Ge=X)+ B G =3, )

dt

where o and g8 are positive small constants, f is the force vector of the end-effector
of the hand, and X, X; and X are the present initial and final positions of the end-
effector of the hand, respectively. We herein set X, = (x; + X¢)/2 as the reference
position. Through an experiment examining reaching movement control in one-
dimensional (1D) space, we confirm the validity of (1) by comparison with the PD
control method.

The motion equation of a particle in 1D space is m(d*x/dt?) = —k(dx/dt) + fx,
where x, m and k are the position, mass and coefficient of friction of the system,
respectively. In this case, we define f, = «||dx/df]l - (xy — x) + B - (x — x) from
equation (1). The position, velocity and force of the proposed controller are shown
in Fig. 3 for the case in which m = 5, initial position x; = 0, final position x; = 10,
time step At = 0.001, ¢ = 1.0, § = 0.001 and £ = 0.

The primary differences from the simple PD controller are the velocity and force
profiles. The velocity distribution of the proposed controller has a symmetric bell-
shape and the force has a reverse distribution at the reference point (x;). These
features are not seen in the simple PD controller.

For further clarification, we compared the proposed controller (Fig. 4) with
the LOQR controller (Fig. 5) under the condition of the 1D reaching movement



Control based on biological reaching movement 665

104
§ Position
] - = = Velocit;
= Y
S | R
it
13]
£
©
> ~
= 04 S e i e
.2
=
w)
o
o

0 1000 2000
Time

Figure 3. One-dimensional reaching movement of the proposed controller.
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Figure 4. Parameter dependency of our proposed speed profile control method on (a) velocity and
(b) position.
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Figure 5. Parameter dependency of the LQR method on (a) velocity and (b) position transition.
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(m = 20,k = 0, At = 0.001,x; = 0, xr = 10). Here, we set a cost function
as J = ['XTQOX + uT R dt, where

_|n 0
Q= |:O l/n}

and R = X. In this experiment, the LQR controller is defined as fP = K, (x; — x)
+ Kgax, and we set the feedback gain K, and K4 for minimizing the cost function
Q in the case of constant parameter 7, A:

=L L] L B )

The dependency of the parameter « = 0.4,0.6,0.8,1.0,1.2 and 1.4 of the
proposed method is shown in Fig. 4 for comparing with the LQR controller. The
parameter 8 always takes the value of 1/100 or less and we set 8 = 0.01 in this
experiment. In principle, the parameter § is used in order to obtain a small initial
velocity and to hold the particle at the final position.

In order to understand the difference of the two control strategies, we compared
the strategies with respect to force transition. The force transitions of a reaching
movement under the condition of the same settling time are shown in Fig. 6. The
settling time is decided by the condition that a local standard deviation

t+As =\2
o(t) = \/Z' @) = o) takes < 0.01
As?

and the time step As is 100. The settling time is # = 2003 in the case of the LQR
controller n = 1, A = 1, and # = 1995 in the case of the proposed method o = 0.8.
By comparing the torque cost function J = (1/2) [;"zTcdr = (1/2) [i' f2dr,
which was used as a performance function of the multi-link movement strategy,
the LQR controller shows Jpp = 10.538 and the proposed controller shows
Joet = 5.975. This means that an improvement of approximately 45% is found
and this improvement has a tendency to disappear when the settling time becomes
long. The strategic difference from the LQR control in the initial movement is

Proposed controller
154 ' - - = PD controller

0 1000 2000 3000
Time

Figure 6. Comparison of the force transition between the proposed controller and the LQR controller.
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emphasized in the case of a short settling time condition. This mechanism is useful
for constructing a low-damage movement control system, and a reasonable and
unstrained movement for a biological system.

The proposed controller, however, cannot manage with external disturbances such
as gravity effects, and we introduce a compensator against external disturbances. If
the motion equation of the particle is represented as mx (¢) + kx(t) + d(t) = f(¢),
the force f(f) is adjusted by:

%{ = ——y[m)'c' + kx — D(t)],
dx
D(t) =« Et—t-(xr-—x)ﬂ?-(xf—x}, (2)

where y is a positive constant and D(z) is the proposed control term. This works
as a simple external disturbance compensator. Since this mechanism needs the
present particle acceleration X(¢) and velocity x(z), we must know the information
by observing sensors.

2.2. Trajectory realization controller

The motion equation of a two-link system (Fig. 7) is represented as:
M@3F+C(3.3)q =7, 3

where ¢ = (6;,6,) represents the joint angle, M € R?*? is an inertia matrix,
C(g,3) € R**?is a centrifugal, Coriolis and friction force, and 7 = (11, 7o) is
a joint torque generated by agonist and antagonist muscles.

First, the process of the proposed controller is to derive a direct relation within the
angular acceleration vector ¢ and the torque 7, which is extracted from the motion
equation (3):

T=M@G)q. e

This simplification does not consider the effect of Coriolis, friction or centrifugal
forces. If we can measure the precise joint friction or the centrifugal effect acting
on a robot or a creature, then the inverse dynamics will be important for the
torque decision process. The inverse dynamics problem is, however, difficult
practically and does not work effectively in most real-world reaching movement
process. Conversely, this simplification does not consider those dynamics positively,
but rather is compensated for by the trajectory planning controller through the
acceleration information of the end-effector.
Second, the end-effector position in 2D space (Fig. 7) is represented as:

. (ll costy + [, cos(8; + 92)>

1 sinby + L, sin(6; + 65) )
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Figure 7. Two-link arm model in 2D space.
The acceleration of the end-effector can be calculated from (5) by taking the time

—ll 008919.12 - 11 sin@lé}

derivative:
—I5 cos(6) + 62) (6 + 62)°
2 <ax ) _ —~b S.ln(91 -}2_ 62)(61 + 62) , (6)
ay —lysin616, +1; cos 9! 6
—lp sin(f; + 65)(6; + 6>)>

+15 cos(f1 + 62) (6 + 62)
where /; and I, are the length from the shoulder to the elbow and from the elbow to
the hand, respectively, and & and 6, are the angles of the shoulder and the elbow,

respectively.
The third process is to define the cost function of the proposed method:
N

T =\f = nalf? = (fe — ma) + (fy — uay)?,

where f indicates the multi-dimensional form of the proposed trajectory planning

algorithm (2), which is rewritten as:

%]t-c = -—y[m):c; + ki — 5(Z)],
D) =« o G =D+ G- D). (8)

where a is the end-effector acceleration of (6) and w is a positive constant.
In the control strategy, each joint torque is decided in order to minimize the cost
function J and the least descent method is used for this purpose:

T+ At) =7() + AT
AT = gdj
-TdT

)

where ¢ is a positive constant and At is a small time step. According to (9), the
cost function value can be reduced in a step-by-step manner. The term dJ/d7 is
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calculated from:

dJ dJ da _dJ da df 0
d7  da d7 = da .4 47’ (10)

using (4), (6) and (7).

Previously proposed models, such as equilibrium control [14], control all joint
angles so as to follow an ideal trajectory plan for all joint angles in angular space
coordinate. In contrast, the proposed method uses only the ideal trajectory of the
end-effector of the multi-link system in work space coordinates. Experimental
results [8, 17] for a biological system using a ‘work space coordinate’, rather than
an ‘angular space coordinate’, have shown a certain validity. These experiments
demonstrate that a visual coordinate, i.e., the arm position from the viewing eye,
is used for control in biological systems. The advantage of not using angular
space coordinates is avoiding the accumulation error by increasing the number of
links, avoiding the singularity of the inverse dynamics and eliminating the need
to precisely decide the friction or the viscosity by observation of the system. In
contrast, the advantage of using the work space coordinates is that considering the
spatial position of the arm is easier than considering the angular space coordinates.
Treating the end-effector position as the center of the control point avoids the need
to manage the entire link system dynamics and simplifies the control problem,
reducing the computational cost.

3. TWO-LINK ARM MOVEMENT

The reaching movement control experiment for a two-link system in 2D space,
which is the simplest redundant system, is shown in Fig. 8. Here, /| = 40,1, =
40, my; = 10, my = 10, the joint frictions are k; = 600 and k, = 600, and the time
step is Ar = 0.001. The control parameters are @ = 0.7, 8 = 0.01, u = 1.0 and
y = 10. In addition, the bell-shaped speed profile control parameters are & = 1.0
and 8 = 0.0l, and the cost function parameter p is 1.0. Figure 8a shows the
results of the reaching movement control experiment for the case in which the initial
position x; = (4.7, 13.1) is the position of the right hand in front of the body and
the target position X; = (41.5, 68.3) is the position of the right hand stretched to
the front-right of the initial position. The results of this experiment show that the
trajectory path of the bell-shaped speed profile distribution of the end-effector is
extended slightly upward.

Figure 8b shows the case in which the initial position is x; = (0, 14) and the
target position is ¥y = (0.036,46.48). This movement is such that the arm is
stretched forward from the initial position. The movement shows an almost perfect
bell-shaped speed profile pattern and the trajectory of the end-effector is almost a
straight line. Figure 8c shows the case in which the arm is stretched to the front-
right from the initial position. The trajectory shows a slight swell compared to the
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Figure 8. Two-link arm reaching movements in 2D space. Stretching direction: (a) front-right,
(b) front and (c) front-left. The graphs give the speed profile of the end-effector, the angle transition
and the position of the end-effector from the left.

movement to the front-right and the velocity profile is more similar to the bell-shape
of the movement to the front. These trajectory shape features have been reported in
Refs [8, 17, 21].

4. DEPENDENCY OF THE CONTROL SPEED

In the two-link reaching movement control under gravity the parameters are same
as the two-link movement in a horizontal plane, except for ¢ = 0.1 (slow) and

= 0.3 (fast) conditions, as shown in Fig. 9. Even under gravity, the proposed
control strategy (7) and (9) requires no changes. However, the motion equation of
the arm under gravity is of the form:

M@)q=C@G ¢)+G+7, (11)

where the term G is the gravity force element related to the shoulder and elbow
angles 61 and 6,, respectively. In this experiment, the initial position is equivalent
to the arm being parallel to the line of the body and the target position is at
approximately shoulder height, perpendicular to the line of the body. The trajectory
of the end-effector is arc-shaped and is affected by gravity. In addition, the
velocity profile of the arm is approximately bell-shaped, not perfectly bell-shaped.
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Figure 9. Two-link arm reaching movement under gravity in 2D space. (a) Diagram of the two-link
model. (b) Velocity dependency of the different speed movement controls. (¢) The realized trajectory
patterns of the end-effector of the hand.

Concerning the dependency of the link movement speed, the trajectory transition of
the end-effector (Fig. 9b) shifts slightly to the right (the front of the body) when the
fast and the slow movement speeds are compared with respect to the inertia of the
link movement.

5. STANDING-UP MOVEMENT OF A FOUR-LINK MODEL

In order to demonstrate the effectiveness of the proposed method for redundant
manipulator control, we constructed a four-link model system (Fig. 10c) and
confirmed the model using a standing-up movement from a chair. The averages
of eight subjects reported in Ref. [22] were used for each of the link parameters
(mass and moment) in the present experiment. The result of normal speed standing-
up movement of a four-link model is shown in Fig. 10. In this simulation, the center
of the gravity (COG) of the four-link model is considered as the end-effector of the
arm and the movement is realized by moving the COG position. The parameters
of the bell-shaped speed profile control are ¢« = 1.0 and 8 = 0.01, and the cost
function parameter, J, is u = 1.0. The coordinates given for the model are the
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