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Figure 10. Standing-up movement of the four-link model. (a) Velocity transition of the COG position.
(b) Initial and target states. (¢) COG trajectory path from the side of the movement.
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Figure 11. Optical-type motion-captured standing-up movement of a human. (a) Speed profile
distribution of the COG position. (b) COG trajectory path from the side of the movement.

initial COG position in the seated state and the target position at the standing state.
The reference position X, is the midpoint between the initial and the target positions.

The speed distribution of the COG has basically one peak, and a smooth start and
a convergence is seen in the speed profile curve. The COG trajectory path (from the
side) is shown in Fig. 10c. Although the reference point %, indicates the midpoint
between the initial and the target points, the COG trajectory shows a slight drop
due to the weight of the body and thereafter transits to the standing-up movement.
These features suggest that the proposed method can handle redundant systems
and can realize stable multi-link system movement. Figure 11 shows the speed
profile distribution and the trajectory path of the COG movement of a human being
standing-up, in which an optical motion capture system (VICON370,166 frames/s)
is used. The speed profile pattern and the trajectory transition are similar.

The following experiment compares the slow-speed standing-up movement ob-
tained by the four-link model and a human being. The simulation result of the
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Figure 12. Slow-speed standing-up movement from a chair for the four-link model. (a) Speed
transition of the COG. (b) Initial and the target states. (c) COG trajectory path from the side of
the movement.
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Figure 13. Motion-captured human slow-speed standing-up movement. (a) Velocity transition of the
COG. (b) COG trajectory path from the side of the movement.

four-link model is shown in Fig. 12 and the human standing-up movement is shown
in Fig. 13. In this experiment, the cost function parameter w is taken as 2.0 rather
than 1.0 (normal speed standing-up movement). Both movement features have two-
peak speed distributions and represent a movement control strategy in which the
control system first moves the COG to the support polygon and then pulls the COG
up in the next phase. One- and two-peak speed profiles are found in the case of
normal-speed and slow-speed standing-up movements, respectively. The reason for
this is thought to be that ‘the reaction’ that pushes the body in the front is used for
the movement [23], and in the case of normal-speed standing-up movement, when
a change in the ground reaction force is observed, a rotation movement around the
COG is caused by the tension applied to the floor and this rotation movement sup-
ports the standing-up movement.

Several studies examining standing-up movement have been reported in the
rehabilitation field [23, 24]. The standing-up movement depends on the control
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strategy used to move the COG position to the top of the foot and the COG
transition process using the reaction force when the control strategy bends the
body corresponds to the normal-speed standing-up movement. This difference
is basically the difference between ‘static standing-up’ and ‘dynamic standing-
up’, and these features can be realized by the proposed method using the cost
function parameter u. The parameter w is a weight parameter that indicates how
the acceleration of the end-effector a corresponds to the speed profile control
order f.

For example, if u is large, then the acceleratiog a of the end-effector will
be relatively small compared to the control order f. This situation means that
practically realized acceleration of the end-effector is small for the control order of
the speed control strategy and priority is given to the system dynamics compared to
the control order. This indicates that the standing-up movement is realized without
giving priority to the control order for the case in which p = 2.0, compared to that
in which @ = 1.0.

6. MATHEMATICAL ANALYSIS OF THE TRAJECTORY PLANNING
CONTROLLER

The proposed trajectory planning controller is described as:

d’%
m— =«

il B X — X 12
™ T (X = X) + Blxs— x). (12)

Since the second term is a simple proportional term, we do not account for this term
in the present analysis, thus clarifying the role of the first term.
When the speed distribution is assumed to be defined as follows:

Y=ol — %) G -3, (13)
the time differential of (13) is derived as:
X=o0XF— %) —alF — )X = ai(F + ¥ — 2%). (14)

By the definition of ¥, = L(X; + X), the shape of the equation structure becomes
similar to that of (12), with the exception of the coefficient. In other words, (12) is
used to obtain the speed distribution in the form of (13).

Here, if the speed distribution is of the form shown in (13), we can calculate the
trajectory distribution by integrating (13):

1 1 1 1 . o i !
= _,/[:—f—ﬂ ﬁ}dxzﬁ q[ln(x)mln(xf—x)];_f:K/ dt = K1,

Xf— Xj X Xf— X Xf— Xi ! t=0
(15)
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where K is a constant and a very small constant Ax is introduced because (15)
cannot be integrated:

1 - - - :X:f
A [In(®) —In G~ D], ,, = Kt. (16)
That is, we have:
»z - 21 - - A
T e exp K (R — R o 17
Xf— X Xf = Xj

By expansion about ¥, we obtain:
Ax exp K(J?f - Ei)l‘ -+ J?i(]?f — )?1)
.i:f — )?s + Ax

, (18)

.
X =

which shows an analytical solution. Since Ax is a very small constant, the limit
value is checked:

Ax - Xp+ XK — %) .

t—0 A+ A = Xj
Xt Xj X
Ax¥ (19
t— oo = Xf,

which means that ¥ is in X; at = 0 and reaches X; in time ¢ + oco. In addition,
when the control term is of the shape of (12), by adding the term B, the stable
equilibrium point of the system is only the point of X; and this system causes a
reaching movement to the final position ;.

We compared the proposed controller with the principle of minimum torque
change (MTC) proposed by Uno er al. [16] from the viewpoint of ideal trajectory
planning controller. The Lagrangian of 1D reaching movement under the condition
of the MTC principle with friction is described as:

L= %f'z — M(mi +kx — f), (20)

where f is force, X is acceleration, x is speed, k is friction and X is the Lagrange
multiplier. By applying the principle of variation, we obtain the following set of
equations:

mi = —kx + f
r=r @D
A= ——A.

m

Since A = A exp"f%’ , f is given in general form as;
f=C+Bt+ Aexp™’, (22)

where A, B and C are constants. Here, the effect of Aexp‘%’ is thought to
correspond to the friction effect and the basic structure of the MTC control can
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be rewritten as follows:
mi = C + Bt. (23)

Figure 14 shows an example of MTC control under the condtion of C = 5, B = —1
and # = 10. From (23), the velocity profile is x = (1/2)#(10 — ¢t) and the realized
position distribution is close to a sigmoidal function; however, the velocity profile
was not bell-shaped. Since the general case of multi-link MTC control is affected
by both internal and external dynamics or disturbances, the realized speed profile
is bell-shaped. On the other hand, the proposed method has a position-dependent
speed profile (13) and the dependencies of the velocity and position profile on time
of the MTC are thought to be the primary difference.

Concerning the stability of the controller, letting the dispersion of the external
disturbances of the system be o, we have:

o<y, 24)

where y is the constant of (2). This is a condition of the stability against external
force disturbances f — f + ¢. The stability analysis was performed using a red
noise analysis and the second fluctuation-dissipation theorem. Here, we defined the
noise dispersion of ¢ as o (detailed proofs are not shown). In the proposed method,
the parameter o determines the reaching movement speed, as described in Section 4,
and B acts only to supply a small initial velocity and to hold the particle at the final
position, and w is related to the dynamics of the reaching movement, as described
in Section 5. In addition, the external disturbances are represented by the y term.
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Figure 14. One-dimensional reaching movement control of minimum torque change under the
condition of # = 10. The graph shows the position and velocity distribution when f(r) =5 —r.



Control based on biological reaching movement 677

7. CONCLUSIONS

In the present paper, we propose a new control method of a multi-link arm
system that was inspired by experimental results of reaching movement control
in a macaque or human. In many cases, the planning and the force deciding
process of previously proposed multi-link movement control methods use different
algorithms and the entire multi-link dynamics cannot be managed. The proposed
method unifies the trajectory planning and realization processes by exchanging
the acceleration feedback information of the end-effector between these processes
and the proposed method can manage external disturbances by converting the
accumulation error of the frajectory realization process to the trajectory planning
controller. Using this mechanism, we can determine each of the joint torques while
performing the trajectory planning process and considering the dynamics of the
system. The proposed method is an easy way of treating the redundant problems
of multi-link system control and shows that some of the movement features of the
reaching movement control are the same as those of biological systems, such as
human standing-up movement.
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Abstract: We have developed Robot Suit HAL  (Hybrid Assistive Limb) which enhances human physical function

by using Cybernics technologies which is a new academic research field based on Cybernetics, Mechatronics, and

Informatics.

suit wearer and apply this method to standing-up motion.
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Rise of the Cyborg

LIKE A LOT OF JAPANESE BOYS WHO GREW UP IN THE 19608, YOSHIYUKI SANKAI SPENT HOURS
in front of the TV set, engrossed by the heroics of Cyborg 009 and Astroboy; half-man, half-machine cyborgs.
e wanted to make these fictional half-breeds a reality. Sankai, 48, is one of Japan's foremost experts in cyber-
netics, the science of merging man with machine. His world is soon to become a business, as Sankai begins
sefling a suit known as HAL, the Hybrid Assisted Limb. (He picked that acronym to echo the off-the-rails com-
puter in 2001: A Space Odyssey) “My basic motivation is to develop devices to enhance and expand human
ability” he says in an interview at his office at Tsukuba University, a research hub north of Tokyo.

HAL turns its wearer, if only temporarily, into a cyborg, boosting strength and endurance: Your arms can
lift an extra 88 pounds beyond what you can ift without it. Nurses can move patients from their beds with
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Japan Markt 2007. 3. 10

JKleider” machen Leute

& Rohoteranzug HAL Mahy Beweglichkeit dark never Technik

ine villig neue Bedeutung erhélt dieser Satz, wenn man sich die neueste

Erfindung von Wissenschaftlern der Tsukuba-Universitit betrachtet,
Denn dort hat man einen neuen Roboteranzug entwickelt, der trotz seines
futuristischen Aussehens weniger modischen Anspriichen geniigen, son-
dern die Kraft und Beweglichkeit seines Trigers in hohem Mafe verbessern
soll. Zielgruppe sind vor allem bewegungseingeschriinkte dltere Menschen,
denen so ein selbststindigeres Leben ermdglicht werden kann. HAL {Hybrid
Assistive Limb), wie der Name des Anzugs lautet, funktioniert dabel mit Sen-
soren, die auf der Haut angebracht sind. Registrieren diese die kurz vor einer
Kérperbewegung abgegebenen elektrischen Impuise des Gehirns, reagieren
die entsprechenden Roboterkdrperteile und fihren die Bewegung selbst-
stindig aus. Gehen und das Heben schwerer Gegenstande kann mit diesem
Anzug also auch mit nur ganz geringem Kraftaufwand betrieben werden.

Die Firma Cyberdyne, ein von der Tsukuba-Universitdt gegrindetes
Unternehmen, und der Fertighaushersteiler Daiwa House planen, den Anzug
in Zukunft in Zusammenarbelt zu produzieren, HAL wird gerade in Pflegeein-
richtungen getestet und kdnnte ab 2008 schon an erste Pflege- oder Rehabi-
litationszentren verliehen oder verkauft werden. JM
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