Development and Running Control of a 3D L eg Robot

Takayuki IKEDA!, Tetsuya TAMURA! and Tsutomu MITA!

! Department of Control and Systems Engineering
Tokyo I nstitute of Technology
2-12-1, Ohokayama, Meguro-ku, Tokyo 152-0033, Japan
ikeda@ctrl.titech.ac.jp

Abstr act

In this research work, we will develop a 3D biped which
simulates running motion of human. First, we will explain
the mechanism of our 3D biped (Runbot 2). Next, we will
show that the running motion pattern for the biped can be
approximated by solutions of second or first order differen-
tid equations. Then we will derive a control strategy of the
running biped which realizes these differentia equations as
motion pattern. Simulation results suggest that a biped hav-
ing smooth running gait will be realized.

1. Introduction

In [1]-[3], we have developed three planar robots
(Runbot-A, Runbot-B and Runbot-C) and succeeded
to derive acontrol method such that they can runinthe
two dimensiona space. In this paper, we will develop
a control methodology of a biped which can runinthe
three-dimensiond space by extending the mechanism
and control of the previous resullts.

Static and dynamic waking have been redized
using different and unique techniques by many re-
searchers [4], [5], [6], [7], [8]. Severd fundamentad
ideas toward realizing waking robots have been pro-
posed in these research works. For example, the con-
cept of ZMP and control technique based on the in-
verted pendulum were examined to obtain a control
law which prevents turnover [4]. However, since the
walking motion and running motion arereally different
from the viewpoint of speed and balancing, we think
that a running motions are not obtained by direct ap-
plications of the results in these research works.

In particular, it is well known that Raibert and his
group have created a running biped and quadruped us-
ing trandated legs with spring action [9]. Although
their results were very excellent, we think that it is
not direct to switch the modes of the motions among
walk, run and jump smoothly. To realize a waking
robot moving suppldly like living animals, we need to
build running robots using articular joints. However, it
isalso difficult to extend and apply Raibert’s results to

running robots with articular joints since his result has
been derived depending upon several ided conditions
of the mechanism, e.g, the leg motion does not affect
the motion of the body.

The main reasons of the difficulties are considered
to be the following: (1) The mechanism suitable for
running has not been well investigated. This includes
the actuation problem. (2) Thereis no effective control
theory for the robot which can run. Raibert’s results
may restrict mechanisms as mentioned above.

In this paper, as abasic research work toward creat-
ing running biped composed of dl articular joints, we
will introduce our new running biped (Runbot 2) and
propose amethod which potentiadly control its running
motion in 3D space. In order to simplify the control
systems design, we assume that the three-dimensional
movement of the biped can be decomposed into three
motions in sagittal, lateral and horizonta planes. As
the control strategy, the variable constraint control [1]
is introduced. In this control, the motion patterns
which the biped follows are described by differentia
equations. Severa simulation results show that we can
control Runbot 2.

2. Mechanism design and equation of
motion

We will deal with a running biped depicted in Fig.1.
Since direct analysis and design of the biped in 3D
space is too complicated, we will introduce a coor-
dination system shown in Fig.2 and assume that the
running motion of the robot can be decomposed into
three planar motions, i.e., motionsin YOZ plane, XOZ
plane and XOY plane which are known as the sagitta -
plane, laterd-plane and horizontal-plane, respectively.
In reality, each motion may interfere. In this research
work, we will deal with such interference force as dis-
turbances added to the control loops and we expect that
they are controlled by our control strategy shown be-
low.
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Figure 1: 3D biped robot

Figure 2: Axisand plains

2.1. Mechanism design of Runbot2

The three-dimensional biped Runbot2 (humanoid
type) shown in Fig.1 was devel oped in our research lab
this year. The configuration of the joints and actuators
are shown in Fig.1. Fig. 3 shows the variables of the
robot in the sagittal-plane; Fig. 4 and Fig.5 explain
those in the lataral-plane and horizontal-plane, respec-
tively. The overview of the designed Runbot2 is shown
inFig. 6.
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Figure 3: Sagital plane

The mechanism design has been done by taking the
following assumptions and conditions into considera-
tions.

[ 1] The motion in the sagitta-plane will be con-
trolled by eight actuators of the both legs.

[ 2] The motion in the laterd-plane will be con-
trolled by one waist actuator.
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Figure 4: Laterd plane
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Figure 5: Horizontd plane

Figure 6: Runbot2 (humanoid type)



[ 3 ] The motion in the horizonta -plane will be con-
trolled by one of the backbone actuator.

[ 4 ] The posture of the leg at the touchdown moment
is selected to obtain the best manipul ability.

[ 5 ] Thefoot toe will contact the surface.

[ 6 ] The shoulders are added as redundant DOF's.

Thereason for theitem [1] isthat wewill control the
four fundamental characteristic variables shown below
plus four joint angles of the swinging leg indepen-
dently, just the same as the previous work [1]

Since we think that the motions in latera and hori-
zontd planes are not essential for the running, we have
simply introduced the items [2] and [3].

In another previous work [ 3], we found that the con-
cept of the manipulability of the leg posture at the
touchdown moment is very important to reduce the
magnitude of required force to keep running. Thisis
the reason for the item [4]. Such a careis never taken
for the mechanism introduced by Raibert.

The assumption in the item [5] makes the formula-
tion of the motion and real control easier. Runbot2 has
the force sensors at the foot toe to judge contact condi-
tion.

The shoulders in the item [6] are introduced for a
future work. In the current research, the actuators of
shoulders are not used.

2.2. Theequation of motion of Runbot2

The motion in the saggital-plane will be described by
13 links and 12 joints as depicted in Fig. 3. The mo-
tion in the lateral-plane will be described by 2 link
and 1 joint as depicted in Fig. 4. The motion in the
horizontal-plane will be described by 2 link and 1 joint
asdepictedin Fig. 5.

Supposing that the robot does not jump long and its
attitude can be recovered during the touchdown period,
we only dea with the touchdown phase which starts
from the landing of thetoe and ends up with its lift-off.
In thisinterval, the toe is assumed to be fixed, and the
tip of foot and the absolute angle of the foot are kept
zero. This leads to the following equation of motion
[10], [11]:

M(q)§+h(q,4) = o5 (A + [, (u (1)

¢(q) + Colg) + Ko(g) =0 2
where ¢(t) € R” is the generalized coordinates,;
u(t) € R™ isthe control torques; M (q) isinertiama-
trix; h(q, ¢) is the gravity, centrifugal force and Cori-
olis force terms; ¢(¢) € R* is the position of the toe

and the absolute angle of the foot; A(t) € R? isthe
force required to maintain the contact ¢(¢) = 0 and is
expressed in term of the Lagrange multiplier; ¢, = %3
gives the direction of the constraint force; f, = %5 is
the Jacobian matrix which convertsthe direction of the
input.

If we assume that C' > 0, K > 0, ¢(q0) = 0,
é(q0) = 0, the constraint ¢(¢) = 0 be expressed by
2.

The matrix and vector in the equation (1) and (2Aj
are composed of the following matrix and vector, re-
spectively.

O [ ¢ ] [ A9 :|
qg=| qW¥ s oui= | u® , A= A0
g ulh) AR

[ B ] (s) ] [¢(S) ]
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M := diag([M", M@, M™])
C = diag([CV, ¢, ™M)
K .= clz'ag([[g’(5)7[((f)7 ((h)])

where, index(s) and (¢), (h) mean the sagittal-plane,
latera -plane and horizontal-plane, respectively.

3. Control of themotion pattern viaVCC

We will derive the control law which gives desired mo-
tion pattern to the motion of the biped described by (1)
and (2). We assume that the required motion pattern
of the robot is expressed by the following differentia
equation. ) .
¢(t) = n(C(t),<(1)) (©)

where ((t) € R* is called characteristic variables
which express the motion of the robot. We will show
the method to generate ((¢) in the next section.

We can confirm that é(t) is expressed by afunction
of the generalized velocity ¢ as

é = gq(Q)‘ja 4

and (3) can a'so be written as
99(0)i+q(0)d+C{E) ~CO I+ E{C () ~C(1)} :(g),

if wewant to derive the acceleration term ¢ explicitly.
Then arranging (1), (2) and (5) yield

[M(q) —-oT —fql l q‘] l , —h(g,4)
g O 0 A = bad + Cdla) + Ko(a)
—9q 0 0 U

gq(Q)q. + ”(Cv C)
G



Solving (6) leads to
L T={l Je ey
—$qd — Cdgd — Ko

{[?Z}M_lﬂ[ Zjad — 1(6,) ]} ¥

The existence condition of the control is that the ma-
trix inside { }~!in (7) isof full row rank which can
be satisfied in the present case since the mechanism is
full actuated. Aslong as the constraint force A can be
supplied from the floor, the response of the closed loop
system exactly simulates (3) since (7) isthe decoupling
control by regarding ¢ as the output to follow. We call
have cdled this control strategy as the variable con-
straint control (VCC) in [1].

3.1. Running motion pattern

Inthissection, wewill derive three running motion pat-
ternsfor the three planar motions.

3.2.  Running motion pattern in the sagittal-plane

At the touchdown phase, we must control the kick-
ing and balancing motions of the robot in the sagittal-
plane. In this research work, we have paid attention
to the following four fundamental characteristic vari-
ables;

[CT] y.,

where (y.4,zc4) is the position of CG of the whole
robot; L., isthetota angular momentum with respect
to CG of the total robot; L, _ is the total angular mo-
mentum with respect to the toe.

In order to verify these arguments and derive the
time response of C1~C4, we have andyzed [1] the
running motion of human using the sequence pho-
tographs [14] as shown in Fig. 7, Fig. 8 and Fig. 9.

[C2] z., [C3] L, [C4] L,

cgﬂ:

Figure 7: Consecutive photograph of human
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Figure 8: Motion of human

From this analysis, we have concluded that the mo-
tion of the CG of running human can be approximated
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Figure 9: Center of gravity and Angular momentum

by a bouncing bal phenomenon. And the response of
L.g_ isdescribed such that once becomes negative at
the beginning of the touchdown and recovers to zero
before the lift-off by regarding the first peak as an ini-
tia disturbance. The angular momentum 7, _ is just
the same as L., except for the steady state. The
steady state L, of L, is given by a nonzero value
which means that the CG of the robot rotates after
touchdown and the ZMP moves from the hed to the
toe before the lift-off [1].

We modeled the motion pattern in the sagittal-plane
asfollows.

myCQ + Cy{ycg - gcg} + ky{ycg - gcg} - 0 (8)
Micg + ¢z {zcqg — 509} +ki{zeg —Zegt = 0 (9)
Leg, + ceg,Leg, = 0(10)

Lam + CaI{Lar - Ear} = 0(11)

where g.,(t) = 0t + Yeg— , Zeg(t) = Zzeg—

(Yeg—, zeg—) iSthe position of CG at the starting time
t_ of the touchdown phase; v is the average speed
of the velocity during the touchdown; k, and &, are
spring coefficients; ¢, > 0 and ¢,, > 0 are damping
coefficients.

We will control the posture of the swinging leg by
regarding its four joint angles as additiona character-
istic variables of four dimensional, that is:

[C5-C8] 6 = [07,0s, 05, 010]



The postureis chosen to have the best manipulability in
the next touchdown moment and is simply represented

by S
0= [07a 68; 69; 910] (12)

Then, the motion pattern for the swinging leg is given
by the following differential equation.

b+ Ci0+ K00} =0, Cy>0, K;>0 (13)
We will control y.4, zcg, Leg., La, and 67 — 619 by
eight actuators of both legs.

3.3. Running motion pattern in thelateral-plane

We will control the balancein the latera-plane to keep
the center of gravity to the toe center z,. Then, the
characteristic variable in the latera -plane is defined as
follows.

[C9] The center of gravity position .,

When we approximatethe motion pattern of «.., asthat
Zeg(t) — aq, it can bedescribed as

Zeg(t) + coieg(t) + ko{weg(t) —2a} =0,
wheree, > 0and k, > 0.

(14)

34. Running motion pattern in the horizontal-
plane

We think that the balance in the horizontal-planeisjust
like the above. In this case, the characteristic variable
ischosen as

[C10] The horizonta angular momentum around
the CG, L4,

And the motion pattern is given by the differentia
eguation

Leg, (t) + ceg, Leg, (t) = 0, (15)
wherec., > 0 is chosen to simulate the decay rate.
3.5. Total running motion pattern

Equation(8), (9), (10), (11), (13), (14) and (15) yidd
E(O) + CLEW) = EOY + KAC) = C()) = 0, (16)

when we define

() = [reo(6) veo (1) 720 D), / Loy, (v)dr.

/ Leg, (7)dT, / Lo (7)dr,8]7. (A7)

0

Then substituting the derived ¢ into (3) yields the
variable constraint control for the running biped.

3.6. Simulation results

When an initid velocity is given to the robot, it can
run severa steps. The responses of the characteristic
variables concerned with sagittal and lateral, horizonta
plane are shown in 10, Fig. 11 and Fig. 12. These
results show that a biped robot may be produced which
has smooth running gaits. Stick diagram of the motion
of therobot isshownin Fig. 13, Fig. 14 and Fig. 15.
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Figure 10: Simulation result (Sagittal Plane)
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Figure 11: Simulation result (Latera Plane)
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Figure 12: Simulation result (Horizonta Plane)

4. Conclusions

We have explained the mechanism of our 3D biped,
Runbo2. We aso have derived the running motion
pattern for the biped and proposed a control strategy
which can redize the running mation pattern. Simu-
lation results suggest that a biped potentially can be
produced which has smooth running gaits. We are now
installing the experimental system and expect the pos-
itive results. Future research work includes reaizing



rk‘?:\;j ~

{ £

7 7 &
< c [

(a) t=0.0(sec.) (b) t = 0.2 (sec.) (©)t=0.4(sec) (d) t=0.6 (sec.) (e)t=0.8(sec)
Figure 13: Stick diagram (Sagitta Plane)
(a) t=0.0(sec.) (b) t=0.2 (sec.) (©)t=0.4 (sec) (d) t = 0.6 (sec.) (6)t=0.8 (sec)
Figure 14: Stick diagram (Lateral Plane)
e — a— e i
(a) t=0.0(sec.) (b) t=0.2 (sec.) (©)t=0.4(sec) (d) t = 0.6 (sec.) (6)t=0.8 (sec)

Figure 15: Stick diagram (Horizontal Plane)

quadruped robotsin the three-dimensiona space using
the proposed control strategy.
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