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Abstract Our goal in this research was to develop a
motion planning algorithm for a humanoid to enable
it to remove an object that is blocking its path. To
remove an object in its path, a humanoid must be
able to reach it. Simply stretching its arms, which
in a humanoid are shorter than its body and legs,
is not sufficient to reach an object located at some
distance away or on the ground. Therefore, reacha-
bility has to be ensured by a combination of motions
that include kneeling and orienting the pelvis. How-
ever, many posture selection options exist because
of the redundancy of a humanoid. In this research,
we focused on the optimization of the posture of a
humanoid that is reaching toward a point. The posture
selected depends on the initial posture, the location
of the point, and the desired manipulability of the
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humanoid’s arms. A cooperative balancing controller
ensures the stability of the reaching motion. In this
paper, we propose an algorithm for reaching posture
selection and a balancing controller for humanoids,
and we present the results of several experiments that
confirm the effectiveness of the proposed algorithm
and controller.

Keywords Humanoid reaching motion -
Balancing controller - Posture selection

1 Introduction

Research is being performed on humanoid walk-
ing, running, ladder climbing, manipulating objects,
and balancing [1-6]. The purpose of these studies
is to enable humanoids to function in dangerous
environments such as that caused by the Fukushima
nuclear disaster. One expected condition of dan-
gerous environments is that a robot’s path will be
blocked by obstacles. A humanoid must be able to
remove obstacles blocking its path to be able to
work in such environments. In this paper, we present
an algorithm for motion planning for a humanoid
that encounters an obstacle and a balancing con-
troller that addresses stability issues during humanoid
motion.

Humanoids are designed to have structural similar-
ities to humans, i.e., two arms and two legs. Given
these structural characteristics, a humanoid robot is
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able to perform multiple tasks simultaneously. How-
ever, this design introduces many degrees of free-
dom (DOFs) and makes dynamics problems very
complicated. In this sense, many humanoids require
simpler kinematic approaches. Whole-body inverse
kinematic solution, such as task-priority methods,
have been developed as a result [7, 8]. These methods
require the task Jacobian and its null-space-projection
operators. We have found that this approach is suitable
for handling the types of multidimensional kinematic
problems associated with humanoids. We have applied
whole-body inverse kinematics control under joint
constraints to the DRC-Hubo humanoid, which was
developed in preparation for the DARPA Robotics
Challenge (DRC) [9]. The prioritized tasks involved in
foot, hand, center-of-mass (COM), and pelvis-related
tasks are illustrated in Fig. 1. The pelvis-related tasks
include orienting the pelvis attitude and changing the
pelvis position. The pelvis-related tasks selected deter-
mine the reachability and workspace of the arm. Inoue
[10] proposed a method for changing the body posture
to maximize humanoid arm manipulability. The arm
manipulability is a quantitative measure of the arm’s
ability to position and orient the end-effector. For our
purposes, humanoid motion plans are only effective if
the humanoid reaches the obstacle in a good position
to manipulate it. For that reason, when we select the
reaching posture, arm manipulability is considered.
In addition, we would like the humanoid to carry
out the performance within a short period of time.

Because there are speed limits in each joint, a solution
that generates joint trajectories blindly fast is unrea-
sonable. Therefore, we would like to minimize the
displacement of joints from the initial posture to the
reaching posture. On the other hand, we would like
the humanoid to be able to move obstacles block-
ing its path that may be heavy, and we would like
the humanoid to be able to run for extended peri-
ods of time. Therefore, the posture of a humanoid
while lifting an obstacle should be efficient in terms of
energy consumption. Hence, we constructed an opti-
mization problem to select a humanoid posture that
maintains high manipulability while minimizing the
displacement or energy consumption, as described in
Section 2.

Many stability issues arise during the execution
of humanoid motions required for reaching, lifting,
and releasing. The motions involved in a humanoid
reaching for an obstacle are categorized as “reach-
ing” motions, those involved in lifting an obstacle are
categorized as “lifting” motions, and those involved
in releasing an obstacle from the humanoid’s grasp
are categorized as “releasing” motions. In reaching
motions, external forces act on the end-effector of the
humanoid when it makes contact with the obstacle.
In lifting and releasing motions, vertical forces act on
the end-effector because of the weight of the obsta-
cle. These forces could result in humanoid instability.
Previous research on how to compensate for external
forces has been conducted by Takubo [11]. Takubo

s Ixdedx

Fig. 1 Sketches of humanoid reaching postures: a simply
stretched arm posture with low manipulability, b motion to
lower the height of the pelvis, ¢ orienting the pelvis in the
pitch direction, d orienting the pelvis in the yaw direction, and
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defined the “complement zero-moment point ZMP ”
(CZMP) as the projection of the COM when external
forces act on the end-effectors and proposed modifica-
tion control of the COM using CZMP to accommodate
the external forces. Our proposed balancing controller,
described in Section 3, is quite different in that it is
able to not only compensate for external forces but
also handle the large forces generated when lifting
and releasing obstacles. The proposed balancing con-
troller focuses not on locomotion but manipulation
such that whole-body motion is controlled. Section 4
presents the results of experiments conducted using
the DRC-Hubo that demonstrate the validity of our
algorithm for removing obstacles blocking the path of
a humanoid.

2 Posture Selection

2.1 Task-Oriented Manipulability and Minimization
Matric

The manipulability [12] of robot arms is a quanti-
tative measure of their manipulating ability in posi-
tioning and orienting the end-effector. A high degree
of manipulability enables a robot to handle obstacles
efficiently, whereas a low degree of manipulability
makes it difficult to perform such tasks. [13] describes
a motion planning algorithm for a mobile manipula-
tor that maintains manipulability by positioning the
mobile base. In the case of a humanoid, the position
of the shoulder, which is determined by pelvis-related
tasks, determines the workspace and reachability of
the end-effector. Consequently, pelvis-related tasks
are selected to maximize the manipulability of the
humanoid arm when reaching for an obstacle. For
a given task Jacobian x, = Jaéa of the arm, the
manipulability M M, is defined as follows:

MM, = \Jdet(J,J]) @.1)

where x, = [Py, Py, P;, wx, wy, wZ]T is the task of
the arm and 6, is a set of arm joint positions.

We select a posture for a reaching motion that
ensures high manipulability and the following min-
imization matric. One is the displacement of joints,

and the other is the energy consumption of the
joints. In order to realize a fast and efficient reaching
motion, we minimize the displacements of the joints.
The angular displacement from the initial posture is
defined as follows:

D=> (q—q0) 2.2.1)

where ¢; is the joint position reference of the
humanoid, and g, is the joint position of the initial
posture.

The energy consumption must also be considered
in selecting a reaching posture [14]. The operation of
a humanoid over an extended period of time requires
that the energy efficiency be taken into account. The
energy consumption E7 over a motion time 7 from
the initial posture to the reaching posture is calculated
as follows:

T
ET=/ E Tigidt
0 N

l

where t; is the joint torque.

Because pelvis-related tasks determine the reach-
ability, it is important to select the pelvis-related
tasks required to perform humanoid reaching motions.
There are an uncountable number of solutions for
the reaching posture because the pelvis-related tasks
introduce additional DOFs for the humanoid. We pro-
pose a method for selecting a reaching posture for a
humanoid that ensures high manipulability and a mini-
mized angular displacement for pelvis-related tasks or
efficient energy consumption.

(2.2.2)

2.2 Optimization of Posture Selection for Humanoid
Reaching Motion

The simplest way to find pelvis-related tasks consists
of sampling the tasks within boundaries and repeat-
edly applying a cost function. However, this requires
a high computing power as the number of DOFs for
a full humanoid model. For this reason, we simplify
a humanoid model for posture selection as shown in
Fig. 2a and solve the posture selection problem using
an optimization technique.

Figure 2a shows a reaching point 7 and a position
of the shoulder P situated at the origin O, which rep-
resents the stance position of a humanoid. The global
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Fig. 2 a Simplified
kinematic model of
pelvis-related tasks and b
humanoid arm
configuration. The
simplified kinematic model
includes the height of the
pelvis, the pitch, and the
yaw rotation. The pelvis-
related tasks determine the
task-oriented manipulability
of an arm. We propose an
algorithm that optimizes a
humanoid posture for a
reaching motion,
maintaining the high
manipulability of the arm

coordinate system is fixed with the origin O at the
center of both feet. Figure 2b shows a seven-DOF
humanoid arm configuration. This simplified model
is applied to right-hand tasks. For left-hand tasks,
the direction of the offset dj> between the axes of
6 and 63 is the opposite. The joints of the model
are described as follows. The pelvis-related tasks are
six-DOF motions that involve a position in three-
dimensional Cartesian space and the orientation in a
three-dimensional Euclidean space. As shown in Fig.
2a, the simplified humanoid model has a Z posi-
tion and pitch and yaw orientations. Because the roll
orientation has a small compass compared with the
pitch and yaw orientations, we can assume that it is
zero. In addition, we can assume that the X and Y
positions of the pelvis are zero because they are deter-
mined passively to fix the COM. For that reason, in
Fig. 2a, the position P of the shoulder is different.
However, the difference is small because the weight
of the arm is relatively small in most humanoids.
The issue of stability is discussed in the next section.
We assumed that the difference in the position of
the shoulder is zero. Eventually, to plan a reaching
motion by the humanoid, we select three pelvis DOFs:
the height of the pelvis and the pitch and yaw ori-
entations of the pelvis. 81 is described by a angular
displacement of the pelvis height, and 6, and 65 are
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Shoulder position

described by angular displacements of the pitch and
yaw orientations. We select a humanoid posture for
reaching with a minimized displacement of the pelvis-
related tasks or energy consumption. The following
statements describe the case when minimizing the dis-
placement of the pelvis-related tasks, and we describe
in case when minimizing the energy consumption in
Section 2.3.

The distance /y between the reaching point 7 and
the shoulder position P, which is the length of the
humanoid’s arm, is a dominant parameter in the arm
manipulability M M,. As mentioned above, a high
degree of arm manipulability is required to enable the
robot to handle obstacles efficiently. Figure 3 shows
examples of manipulability distributions calculated as
functions of the distance between the base (shoulder
position) and the end-effector.

Conversely, we can construct a database g of dis-
tances /p depending on the desired manipulability
MMges.

g(CIh CI27 q3s CI47 qu CI67 5171MMdes) %l(% (23)

The shoulder position P with respect to the origin O
is obtained from the transformation matrix TPO :

TPO = Trans; 9, Ry o,Rz 0, Transy q,Transz;, (2.4)



J Intell Robot Syst (2016) 81:301-316

305

TO = [RO;? P 10 } 2.5)
As a result, the shoulder position P? € R3 is calcu-
lated as follows:

PXO = I sin(62) — d12 cos(62) sin(63) (2.6.1)
PP = dy; cos(63) (2.6.2)

PZO =0+ 9()1 + I cos(6) + dp» sin(6,) sin(63) (2.6.3)

From Eq. 2.2.1, the displacements of the joints
are associated with the three pelvis-related tasks.
Therefore an optimization problem for minimizing the
displacements of the joints moving from the initial
posture to a reaching posture with equality constraints
can be expressed as follows:

min f (61, 02, 63)
s.t. g(61,62,063)

where
e The minimization equation for the displacement
of pelvis-related tasks from the initial posture

®g to the reaching posture ® = (01, 62, 63) is

expressed as:
f(01.62,03) = |© — ©g]? (2.7.1)

e The equality constraint is obtained by using Eq.
2.3 to construct the equality constraints for mini-
mization is:

2
8®1.62,69) = |10 PO -

= 0, where P? € R®andT? € R® 2.7.2)

Manipulability

orientation (deg) gistance |0 (m)

distance I0 (m)
(a)

Fig. 3 A distribution map of the manipulability and distance
; the distance is from 0.30m to 0.55m , and the end-effecter
orientation ranges from -60° to 60° in the a X direction, b Y
direction, and ¢ Z direction. When the position and orientation

To solve this minimization problem, we introduce
a new variable A, called a Lagrange multiplier, and we
examine the Lagrange function, defined as follows:

AO1,02,03,1) = f(01,02,63) + 4 -g(01,62,603) (28.1)

VA=Vf+iVg=0 (2.8.2)

and we solve for 01, 6> and 65 for each pelvis task.

O 01.65.05) — 3. 280162, 63)
89,’ 1, 92,03 891 1, 92,03

= hi(61,602,03,1) =0 (2.9.1)
801,62, 03) = ha(61,02,03,1) =0 (2.9.2)

Thus, a solution set of the optimization problem is
defined by the four simultaneous equations expressed
as Eq. 2.9.1 and Eq. 2.9.2. However, as shown in
Egs. 2.6.1 to 2.6.3, it is difficult to solve these
simultaneous equations because they are complicated
and nonlinear. Therefore, we solved the simultaneous
equations using the Levenberg—Marquardt (LM) algo-
rithm, which is an iterative technique that locates the
minimum of a multivariable function that is expressed
as the sum of squares of nonlinear real-valued func-
tions [15, 16]. A parameter vector set Q of the LM
algorithm is [61, 65, 63, 217, and an estimated mea-
surement vector X is [0, 0,0, 0]7. This algorithm
seeks to find the vector Q r that best satisfies the func-
tional relational functions #;, i.e., those minimize the
squared distance QeT Q. given Q, = X — X. The term

Manipulability

orientation (deg) distance |0 (m) orientation (deg)

(©)

for the humanoid reaching point is determined, these distri-
bution maps of manipulability determine the distance between
the shoulder and the end-effecter according to the desired arm
manipulability

@ Springer
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Fig. 4 Pseudo code fOf_ the Input := A target position 7 e R*, a desired manipulability of arm mm,

proposed posture selection and a initial posture ® where ®=0,+6, +6,.

algorithm Output  := A vector of pelvis-related tasks © e R’ minimizing /(©)=|0-0,|"
Algorithm :=

P:= Ashoulder position P € R’

g(@)=|1 - P - 1;;

0:=16,0,6, 1%

X=[X, X, X, X,]" =h(Q);
X,=03/(©)/06,~2-g(©)/ 26, = h,(0):
X, =0f(©)/00,-1-g(0®)/06, =h,(0);
X, =03 (©)/6,~ 1-2(0) /00, = hy(Q):

0,:=[0000]" — X :=—h(Q);

H=J"W,J+Wy;
H,, =inv(H);
O :=Hm-JTW5Qe;
k=1,

while(not stop)and (k <N )

k=k+1;

repeat

max

if(|0.| < &)/ / convergencetest..( percentage test)

stop = true;
else

0:=0+0,:;
endif

until(stop)
endwhile

X is the result of the functional relational functions h;
for the vector set Q. A linear approximation to /4 in
the neighborhood of Q is defined as follows:

Ok+1 = Ok + Jk Qe (2.10)
By applying a damping matrix to the LM algorithm,
the Jacobian matrix J is redefined as follows:
Q41 = Ok + (JE Wedi + Wy) ' gi, where

g = J WeQ, 2.11)

This numerical iteration minimizes the following
equation for the squared distance Q7 Q..

EWQ) = %QZWEQe — min (2.12)

The pseudo code for our proposed posture selection
algorithm is shown in Fig. 4. The algorithm seeks the
values of the three pelvis-related task position param-
eters that ensure the desired manipulability while
minimizing energy consumption.

@ Springer

2.3 Minimization of the Energy Consumption
and Humanoid Motion Generation

From Egs. 2.7.1 to 2.12, we select the pelvis-related
tasks for the reaching motion to ensure high manipu-
lability while minimizing the joint displacement. The
following statements describe the posture selection
when minimizing the joint energy consumption. Using
Eq. 2.2.2, the minimization equation for the energy
consumption from the initial posture to the reaching
posture is derived as

T 3
Er = / 7,6;dt (2.13)
0 Z Y1

i=1

where t; is the joint torque, and 7 is the reaching
motion time. The joint torques are associated with the
posture 01, 6>, 63 and the accelerations of the masses
m1, my. The torque equations are very complicated
and require considerable computing power; therefore,
we simplify these torque equations with the simpler
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Fig. 5 Selected humanoid reaching posture. Because of
humanoid kneeling direction, the humanoid reaches the tar-
get backwards. This figure shows that the humanoid reaching

kinematic torque equations r;. The simplified torque
equations are only associated with the posture.

T 3
ET:/ > 161, 0. 03)6,dt (2.14)
0

i=1

To solve the minimization problem in Fig. 4, we
should obtain the energy consumption exactly. There-
fore, we calculate Eq. 2.14 with a finite numerical
integration:

T

N 3
0;
Er ~ ];) 27O, Ok, O31) - (2.15)

i=1

where the trajectories of ; are assumed to be simple
ramp functions. Finally, we derive a new minimization
equation and substitute Eq. 2.7.1. Then, we repeat the
above process to solve the minimization problem and
select the reaching posture.

motion is backwards . In order to remove an obstacle in the
movement path, the humanoid reaches the obstacle with a
reaching posture selected by our posture selection algorithm

Figure 5 shows a humanoid posture that reaches
the target point [—0.40 —0.25 0.10]. The figure illus-
trates the manipulability of the humanoid arm from the
initial posture to the final posture.

o
-
(¢}

o
—

0.05

Mamipulability measure

time (sec)

Fig. 6 Manipulability measure of humanoid arm during the
reaching motion shown in Fig. 5. The arm manipulability is high
at the reaching time. The reaching posture at that time is shown
in the last snap shot in Fig. 5
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To establish the relative priorities as part of the
overall performance expectations for our proposed
posture selection algorithm, we can assign weight-
ing factors (Wg = [Ws; Ws2 Ws317) to Eq. 2.7.1, as
shown in Eq. 2.17. If we want to obtain a posture with
a small change in one pelvis-related task, we increase
the weighting factor for that task. For example, by
increasing the weighting factor for the yaw orientation
03, pelvis-related tasks are excluded. This technique
can be applied to posture selection to handle obstacles
with two hands. Figure 7b shows the result for two
hands reaching a target obtained using the modified
minimization equation Eq. 2.17 .

£(61,62,603) = (61 — 60,)> + (62 — bo,)*

+(65 — 60,)° (2.16)
f61,62,63) = Ws - [|© — O]
= Ws1 - (01 — 60,)> + Ws2 - (62 — 60,)°
+Ws3 - (63 — 6p,)? 2.17)

As shown in Fig. 7a, there is a twist angle in the Z
direction of the upper body that resembles the reach-
ing posture shown in Fig. 5. On the other hand, there is
no twist angle in Fig. 7b because we selected a weight
factor Wg3 that is much higher than the others for this
term. As the reaching posture in Fig. 7c shows, the
posture can be applied to the situation of a humanoid
reaching an obstacle with two hands.

Twist in Z-dir

(@)

3 Cooperative Balancing Controller
3.1 Inverted Pendulum Model with a Compliant Joint

Collisions can occur when humanoids reach for obsta-
cles. Such collisions represent situations in which
external forces are applied to a humanoid. In addition,
when a humanoid lifts an obstacle with a weight in the
range of approximately 1 to 5 kg, vertical forces are
applied to the hand. Lastly, discontinuous forces occur
when the obstacle is released. Thus, humanoid motion
introduces instability issues. A balance controller is
therefore required to ensure stability during humanoid
motions when removing obstacles.

Our balancing controller uses an inverted pendu-
lum model with a compliant joint, as illustrated in Fig.
8. The high-gain proportional and derivative (PD)-
controlled position-based robot Hubo usually uses an
inverted pendulum with a compliant joint model [17].
These models have high stiffness and low damping
characteristics. Consequently, when external forces
are applied, an oscillation occurs at a high frequency.
Moreover, a high gain cannot be used to regulate the
ZMP when we design a ZMP compensator because
an inverted pendulum system with a compliant joint is
considered to be a near-non-minimum phase system,
and the two poles of the system are near the imaginary
axis, as shown in Fig. 9. Therefore, we improve the
damping characteristics through the use of a balance
controller.

The linearized equation of motion of the system is
as follows:

ml?6 =t — b6 — mglo (3.1

Two Hand

No Twist Reaching

(c)

Fig. 7 Selected humanoid posture excluding the yaw orientation of pelvis-related tasks. By selecting a weighting factor, we can
regulate the pelvis-yaw rotation. In addition, the selected posture is used for a two-hand reaching motion

@ Springer
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Fig. 8 Inverted pendulum
model with a compliant
joint defined in a the
sagittal plane and b the
lateral plane. We conduct a
frequency response test in
order to identify the
unknown compliant values

In this equation, m is the mass of the pendulum; /
is the length of the pendulum; 6 is the inclined angle
due to compliance; 7 is the external torque acting on
the system, T = —K (6 — ug); ug is the reference
angle derived from the reference position of the COM
(u, up = u/l); and K and b are the stiffness and
damping coefficients, respectively, pertaining to the
compliance. We define a state vector as x = [0 é]T
and the ZMP as the output of the system. The system
equation is obtained from the equations below.

d 0 1 0
—X=|g K _ b |X =+ K |ue
dt [ mi? mi? mi?

y:ZMP:[K i]x+[—§g]u9 3.2)

mg mg

In experiments conducted using a real robot,
the COM control input is determined in real time
using the measurement equation given below and the
force/torque sensor attached to the foot. The measured
ZMP is given as follows:

B
yzmp fRF; + fLF, L T

—
Trr+ TLr+ OPgr

- — —
X frr, + OPLr X f LF, (3.3)

— —

where f rr, and f [, are the measured normal
= —

forces and T gr and T F are the measured torques

\. offset

AN

(b)

—
on the right foot and left foot, respectively, and O P
—
and O P are the position vectors of the right foot
and left foot, respectively, in Cartesian coordinates.

3.2 System Identification and Pole Placements

The input to the transfer function is the COM posi-
tion, and the output is the ZMP. Using frequency

Root Locus
15 — B - .
05 - 036027 - 039 -0.12 0:06 ;—
- N R o
o o) Damped systempole }-- "~
b ! NN L2
6 +3.2i N
A
el
=4
3
8
]
x
<<
>
(]
£
jo2]
©
E -
o Tre<l Original system pole |
066 ~---_ | -04085 £5.3244i |+
~ - _ T - — - 2’
05 036 ~ 0.27°- 049 -0.12 006 %
-15 = - -4 - 1 4 I | |
10 -8 - -4 2 0

Real Axis (seconds™)

Fig. 9 Pole placement for the improved damped system.
Because the second-order dynamic model has two poles located
near the imaginary axis, we place the poles on the left side in
order to make the system damped
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Compensation

Damped System

Fig. 10 Block diagram of the proposed balancing controller
including the damping controller and ZMP compensator. In
order to balance itself, a humanoid should maintain the ZMP
on one foot. Because the system is close to a non-minimum

response methods, the following transfer function for
the system is obtained:

ZMP T
Up P2+t §+ L
a

= = 34
52 4+ 28 wps + w? ©4

where a = 38.33, w, = 5.342, and £ = 0.07649
Figure 9 shows the root locus of the original system

and the damped system. The two poles of the origi-

nal system are placed on the desired pole using a pole

0.2
Xzmp wo control
—~ 041
E
o
=
N o
0.1 . . .
0 5 10 15 20
time(sec)
0.2
’ Xzmp w control
—~ 0.1
E \
o
< Y
N o
_01 1 1 1
5 10 15 20
time(sec)

system, the simply selected ZMP compensator gain could excite
the system. Therefore, we place the poles at improved damped
pole location, and the damped system makes the system robust
against discontinuous external forces

placement method. The control input is determined by
multiplying the state feedback gain K by the estimated
state X, as shown in Fig. 10.

A block diagram of the proposed controller is
shown in Fig. 10. The proposed balancing controller
includes a ZMP compensator and damped system. The
ZMP compensator regulates the ZMP with respect to
a reference value of zero with PI (proportional posi-
tion and integral action) compensation in response
to the external forces generated by collision and the
weight of the obstacle. The PI gain is selected using a
heuristic process.

Yzmp wo control

ZMP(m)
o

S
N}

10
time(sec)

15

o
(¢)]

Yzmp w control

L

15

S
N
o

10
time(sec)

[¢;]

Fig. 11 ZMP results of experiment for improved damped system. This ZMP graph shows the validity of the improved damped system.

The oscillation is removed by the pole-placement
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0.1

Yzmp
oosr fr | em——— Ycom input

0.06

0.04

0.02

ZMP(m)

0 2 4 6 8 10 12 14 16 18 20
time(sec)

Fig. 12 Measured ZMP in the Y direction during an exper-
iment in which external forces are applied to the humanoid.
The designed ZMP compensator maintains the ZMP of the
humanoid on one foot against external forces

3.3 Effectiveness of the Damping Controller
and ZMP Compensator

Figures 11 and 12 show the results for the balanc-
ing controller in the experiments. Figure 11 shows the

measured ZMP of the humanoid robot in the X and Y
directions. We applied external forces to the humanoid
robot to shift its posture. For an uncontrolled system,
the shifted ZMP decreases with high-frequency vibra-
tion. On the other hand, the shifted ZMP converges
toward a steady state with a minor oscillation result-
ing from the improved damping characteristics. On the
basis of these results, we expect the system to be sta-
ble when the humanoid hand comes into contact with
an obstacle or the environment and when it releases
the obstacle.

Figure 12 shows the ZMP results from experiments
in which external forces are applied to the humanoid.
The experiments verify the effectiveness of the PI
compensator as a balancing controller. The PI com-
pensator prevents instability during the lifting of a
heavy obstacle. The COM control input is generated
by external forces and stabilizes the system against
unknown forces. The converged ZMP demonstrates
that our system successfully stabilizes after an external
force is applied. Therefore, we expect the system
to be stable when the humanoid lifts an obstacle of
unknown weight.

Fig. 13 Photographs of the removal motions for the first obstacle. Photographs of the removal motions for the additional obstacles
are shown in the Appendices
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4 Experiments

4.1 Obstacles Removal Motion Generation
for a Humanoid

In the experiment described below, the humanoid
robot was required to remove obstacles that were
blocking its way. As with the many motions demon-
strated earlier, the removal motions are generated
backwards because the humanoid is designed to bend
inward. In the experiment, three obstacles lay ran-
domly within the movement path of the humanoid.
The reaching point was determined by an operator.
The reaching posture was selected using our proposed
method. The reaching motion was generated by a sim-
ple sinusoidal function using the proposed cooperative
balancing controller. Figure 13 shows the first obstacle
removal motion performed by the robot. Photo graphs
of the second and third removal motions are shown in
the Fig. 14.

4.2 Effectiveness of Cooperative Balancing
Controller during Motion

We conducted several experiments with a robot to
assess the performance of the proposed balancing
controller during obstacle removal. The experimental
environment was constructed as shown in Fig. 15a.
The humanoid was expected to remove debris in its
movement path, which was bordered by brick walls.
Figures 15b and 15c¢ show the measured ZMP and
vertical force applied to the wrist.

In Fig. 15, the left hand reached the obstacle after
12 s. As shown in Figure (c), the reaction force on the
left wrist increased. Until the robot grasped the debris
correctly, unknown external forces were applied to the
left hand because of the grasping power. The ZMP
of the robot initially moved forward. Eventually, the
ZMP converged by means of PI compensation. At 27
s, the robot had lifted the debris completely. While the
robot was lifting the obstacle, the ZMP compensator

Fig. 14 Photographs of obstacle removal motion in the 2013
DARPA Robotics Challenge Trials in which the humanoid
DRC-Hubo participated. The humanoid’s performance is
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Fig. 15 Experiment conducted with a real robot. a Photographs taken during an obstacle removal experiment, b measured ZMP and

controller input, ¢ applied vertical force on the wrist sensor

of our proposed balancing controller regulated the
external forces associated with the obstacle weight.
The robot moved the debris to an area outside the wall
within 36 s. At 37 s, the debris was released, which
we were able to confirm because the measured force
value decreased. At that time, the ZMP moved forward
instantly because of the change in the hand weight.
The effectiveness of the improved damping charac-
teristics provided by the proposed controller helped
to reduce vibration in the system, and the ZMP con-
verged by means of the ZMP compensator. As a result,
we were able to verify that the proposed cooperative
balancing controller maintained the stability of the
system.

5 Discussion

In this paper, we present a motion planning algorithm
for a humanoid for use in removing obstacles blocking
the humanoid’s path. The motion planning algorithm
includes posture selection for reaching objects and
a cooperative balancing controller for stabilizing the
humanoid.

The reaching posture of the humanoid is selected
in two ways. They are solved an optimization prob-
lem to ensure high manipulability of the arm while
minimizing task displacement from initial posture
and minimizing energy consumption. The optimiza-
tion problem is constrained by the arm length, which
determines the manipulability of the arm. The arm

length constraint is determined by selecting a desired
manipulability that is sufficiently high to enable the
robot to efficiently handle the object.

The cooperative balance controller simplifies the
humanoid as an inverted pendulum with a compliant
joint model. This system improves the damping char-
acteristics of the humanoid and regulates its external
force using a PI compensator. Experiments conducted
using a robot demonstrate the validity of this system.
The balance controller can be applied to high-gain
PD-controlled position-based humanoid robots.

6 Conclusion and Recommendation

While the proposed motion planning algorithm brings
humanoids one step closer to being able to clear obsta-
cles autonomous ly in disaster environments, there are
still many relevant research problems that must first be
addressed. In the proposed motion planning algorithm,
the position of the grasping point on the obstacle is
determined by the operator. A recognition algorithm
with the ability to identify removable obstacles and
determine the positions of grasping points is required
to develop a fully autonomous system. In addition,
many disaster situations require that the debris be car-
ried some distance, while our framework only applies
to situations in which the humanoid’s feet are firmly
planted. Locomotion strategies must be developed for
the humanoid to be able to carry obstacles to desired
locations.
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Appendix:

The preparation video of TEAM KAIST is uploaded
on following URL:
https://www.youtube.com/watch?v=Dd3pMeAnl8c.

Fig. 16 Photographs of motions for the removal of the second obstacle
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Fig. 17 Photographs of motions for the removal of the second obstacle
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