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Abstract— In this paper we propose a new method to manip-
ulate heavy objects for a humanoid robot. In this method the
manipulation strategy is determined based on on-line estimation
of the operational force. We integrate these functions with
a real-time controller that controls the external force and
maintains full-body balance.

The feature point of our work is that since a full-body control
system includes switching of the manipulation strategy based
on the operational force estimated on-line the system enables
a humanoid robot to manipulate heavy objects as well as light
objects. The effectiveness of our whole system is confirmed in
our experiments, in which a humanoid robot manipulates up
to 12[kg] while estimating the object’s weight.

I. INTRODUCTION

Handling heavy objects is one of the most important tasks
for robots because it is applicable not only to the various
tasks of the daily life of the humans but also nursing care
tasks. Because object manipulation is a significant topic in
robotics, a lot of work in this area has enabled robots to
handle lightweight objects by integrating visual feedback and
complicated task planning. Several works have challenged a
humanoid robot to manipulate heavy objects[1].

There are many problems related to the manipulation of of
heavy objects by humanoid robots. (a) There are many strate-
gies for manipulation such as single-armed manipulation,
dual-armed manipulation or fullbody contact manipulation.
It is difficult to determine a suitable strategy based on
the operational force dependent on the mass property and
the friction of objects. (b) In many cases it is difficult to
accurately describe these parameters. In manipulation an
object with an unknown weight, it is impossible to determine
the strategy without trial and error. (c) Furthermore, in the
case of manipulation by a humanoid robot, the constraints
for reactive force and full-body humanoid robot balancing
are both important.

In this paper to deal with the above problems we propose a
new control system, which is a controller used for controlling
the external force and full-body balancing (for (c)) including
the function to determine the manipulation strategy based on
on-line estimation of the operational force (for (a) and (b)).
Related works challenged a humanoid robot to manipulate
heavy objects [2], [3]. The advantage of our work is that
since a full-body control system includes switching of the

(A) Determination of
Manipulation Strategy

Manipulation
Stra]tegy

(C) Fullbody Motion
Generator

Object || i : -
Trajectory L_ HWI—'{ Footstep Planning
r

Evaluation of Fullk?ody '“Yerse
Manipulation Klnematlcs ,,,,,,,,, .
' ref ref 1\ £ ref ref!
X ’a_freeH§B s Pg
(B) Estimation of I_ """""""" 1| (D) Force Balance

Mypis Copjs /i B

the Operational Force Controller

¢ 7o —ae wilmpedance Controller|
AT 3

Estimation of :
455 and 1 W opac »l___Auto Balancer _[*
the Operational Force Stabilizer
3 116
| W Real Robot
t '

| Object

%

The Whole Configuration of our System

Top figure : The system configuration for full-body manipulation
The lower snapshots : The examples in which a humanoid robot
manipulates lightweight and heavyweight objects

manipulation strategy based on the operational force esti-
mated on-line, the system enables a humanoid to manipulate
heavy objects as well as light objects. Our method is not
specific to handling heavy objects[4].

The effectiveness of our control system is confirmed in two
experiments. In one experiment in which a humanoid robot
manipulates a 6 to 10[kg] object, the validity of the force
and balancing controller with estimation of the operational
force is shown. In another experiment in which a humanoid
robot carries a 12[kg] object, the usefulness of manipulation
strategy switching is shown.

II. FULL-BODY MANIPULATION OF A HEAVY
OBJECT BY A HUMANOID ROBOT

In this section, we introduce a method to manipulate an
object with an unknown weight for a humanoid robot. When
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prevent the humanoid robot from falling down. In case of
handling an object with an unknown weight, the system also
should include on-line estimation of the operational force.
If a humanoid robot cannot carry the object, the humanoid
robot has to try different manipulation strategy. For example,
if the humanoid robot cannot pick up an object using a single
arm, the humanoid robot has to try using both arms.

We propose a full-body control system to satisfy the above
mentioned constraints. Fig.1 shows the system configuration.
We assume that the information about the shape of the
object and where to grasp is known and the weight and the
friction coefficient are unknown. First, the system selects one
strategy from several strategies for manipulation and decides
the trajectory of the object H,; (module (A) in Fig.1 ).
Second, a full-body motion sequence of the humanoid robot
is generated based on the trajectory (module (C) in Fig.1 ).
Third, the humanoid robot executes the sequence while con-
trolling the reaction force and maintaining full-body balance
(module (D) in Fig.1 ). While manipulating the object, the
humanoid robot interacts with it. The system estimates the
operational force based on the reaction force (module (B)
in Fig.1 ) and feeds back the estimated state of the object
to (A), (B) and (C). According to the feedback information
about the object such as the mass myp;, the centroid cop;
and the operational force f;’ ef, (A) switches the strategy for
manipulation, (C) generates the motion sequence again and
(D) controls the reaction force using the operational force as
the command force. The symbols not mentioned above will
be explained following sections.

In comparison to related works dealing with the manipu-
lation of heavy objects [2], [3], [4], advantage of our full-
body control system is that it has the ability to determine a
manipulation strategy based on the operational force. Since
the control system enables a humanoid robot to manipulate
heavy objects as well as light objects, our system utilizes
the several works discussed in manipulation of light weight
objects [5].

The control method proposed in this paper is applicable to
the position-controlled robot with several force sensors: our
control system finally outputs a full-body posture sequence.
Note that several control methods used to control the external
force and maintain full-body balance are developed for a
humanoid robot by Sentis et al. [6], Hyon et al. [7] and so on.
Evard et al. [8] also proposed a force and balancing control
algorithm for a position-controlled humanoid robot. The
feature point of our system is that the force and balancing
controller (module (D)) implemented in a high frequency
process are separated from the motion generation (module
(C)) based on multitasks such as using inverse kinematics
to satisfy the trajectory of the object, footprint constraints
and so on. Therefore we can add several modules to the
high frequency processes except the force and balancing
controller. We will explain this in detail in IV.

In the following sections we describe in detail the configu-
ration of each modules. Modules (A) and (B) are introduced
in IIT and module (D) is introduced in IV. We implement
the proposed method on HRP2-JSK[9]. The integrated ex-

periments are shown in V.

III. DETERMINING OF MANIPULATION
STRATEGY AND ESTIMATING OF THE
OPERATIONAL FORCE

In general how to manipulate an object is decided accord-
ing to the shape, the mass properties of the object and other
heuristics . Our control system is applicable to an object
whose weight before manipulation is unknown to the robot.
In this case the mass properties of the object are updated and
the robot must replan how to manipulate it. In this section
we describe manipulation switching and estimation of the
operational force.

A. Determination of Manipulation Strategy

Determination of Manipulation Strategy (module (A) in
Fig.1 ) selects the strategy for manipulation. In this paper
determining a manipulation strategy is defined as deciding
the following precondition:

« which end-effector or contact points on the robot are to

be used

o which contact points on the object are to be made

contact with

o what object trajectory is to be referred
For example, if the system selects a single-armed manipula-
tion strategy, the robot makes contact with the object using
by the end-effector of the selected arm. Then, the object
trajectory and the grasping point on the object, which are
both given in advance for single-armed manipulation, are
selected. Although in this paper the object trajectory and
information about the grasping points for each manipulation
strategy are described by programmers, it is preferable that
they are automatically generated from the shape and the mass
properties of the object or learned from teaching by a human.
In this paper we prepare the following strategies:

(a) the single-armed manipulation strategy

(b) the dual-armed manipulation strategy

(c) the full-body contact manipulation strategy
Please note that the above mentioned list of strategies does
not describe the optimal and strict classification of how to
manipulate the object. For example, (c) includes different
manipulation forms in which the robot utilizes the whole
arms, the chest and the legs.

Our system selects an adequate manipulation strategy
from the above mentioned strategy candidates by evaluating
each manipulation by deciding, for example, whether the
manipulation is dynamically executable, whether the object
trajectory and the information about the grasping points for
the object are adequately prepared, and so on. Manipulation
strategy selection will be explained in detail in V. If the
system cannot find an adequate manipulation strategy, the
system should try graspless manipulation.

B. Estimation of the Operational Force based on the Mea-
surement of the Difference between Feedback Forces

In this subsection we present a method to estimate the
operational force applicable to an object with an unknown
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weight. Measurement of the adequate force for manipulation
is significant especially in case of an object with an unknown
weight. Some observer may be applied to manipulation of
an object with an unknown weight [10]. The feature point
of our method is that it is explicitly measured whether the
object is moved or not.
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Fig. 2. Result of Picking-up Motion Fig. 3. Result of Pushing Motion
Top graphs : Sum of the measured force at the hands

Bottom graphs : Force Differential

Horizontal dotted lines : Threshold (£1[N/s])

These graphs show that defining a force differential threshold
is useful for detecting the time when the object starts to move
(vertical dotted lines).

In this case we do not calculate the differential from O[s]
to 2[s]. Since, in the initial 2[s], the robot starts to make
contact with the object, and since contact between the robot
and the object may be unstable, we neglect the calculation
of the differential during the initial 2[s].

1) Estimation based on the Difference between Feedback
Forces: This section describes a new method to estimate the
operational force focusing on difference between the reaction
forces. The estimation method is based on the following
assumption: (a) The robot increases the force applied on
the object from the start of contact with it quasi-statically.
(b) The condition of the contact between the robot and the
object does not change during estimation. For example, the
robot does not lose its grasp on the object during estimation.
Under this assumption, when the object starts to move the
reaction force acting on the robot does not exceed a certain
value for following reasons: In the case that the operational
force is applied against the friction force (for example, in
pushing motion), when the object starts to move the robot is
affected by a smaller force than the maximum static friction.
In the case that the operational force is applied against the
gravity force (for example, in picking-up motion), when the
object starts to move the robot is affected by a smaller force
than the gravity. Our system also detects the change of the
condition of the contact between the robot and the object by
measuring the reaction force. When the rapid decrease of the
reaction force is detected while the robot tries to increase the
force applied on the object, the system detects the change
of the condition of the contact. For example, the time when

the robot loses its grasp on the object during estimation is
defined as the failure of estimation.

Therefore we employ the difference between forces to
detect the timing of the object’s movement. The estimation
procedure is as follows: The robot

1) starts to make contact with the object

2) increases force quasi-statically

3) measures the time when the object starts to move using
threshold processing of the force differential

4) determines the reaction force at that time to be the
estimated operational force

2) Experimental Results of Estimation:
Fig.3 show the measured data of the reaction force.
Fig.2 corresponds to a picking-up motion in which the
weight of the object are 2.5, 4.5, 6.5[kg] (a basket with
plastic bottles) and Fig.3 to a pushing motion. The top
graphs show the reaction force at the hands and the bottom
graphs are the force differential.

In each graph the robot started estimation at time = 0]s].
The plotted data becoming horizontal indicates that the object
was moved by the operational force. The timing can be
determined by threshold of the force differential. These
graphs show that our estimation method can detect the object
motion and estimate the operational force.

Fig.2 and

IV. FORCE BALANCE CONTROLLER FOR FORCE
CONTROL AND FULL-BODY BALANCE
MAINTENANCE

In this section we present the real-time controller for
controlling the reaction force and maintaining full-body
balancing (here we call it “Force Balance Controller”). Our
control method is suitable to a position-controlled robot.
Fig.4 shows the detailed block diagram of the Force Balance
Controller, which consists of the following two modules:

o Impedance Controller for Force Control
The Impedance Controller controls indirectly the reac-
tion force or torque by converting the difference be-
tween the commanded force or torque and the measured
force or torque into the difference of the position.

o Auto Balancer[11] for Full-Body Balancing
The Auto Balancer is based on two steps: (a) calculating
the COG (Center Of Gravity) trajectory adaptive to the
external force (the green dotted square in Fig.4 ), and
(b) calculating the posture sequence according to the
kinematic constraint and the COG constraint (the red
dotted square in Fig.4 ).

To calculate the posture sequence 6 as a controller output,
this controller requires three kinds of inputs : the kinematics
and COG constraint from the Full-Body Motion Generator
(module (C) in Fig.1 ), the operational force constraint
based on the Estimaiton of the Operational Force (module
(B) in Fig.1 ) and the feedback sensor data from the real
robot (these are respectively shown in Fig.4 as the blue
dotted square, the yellow dotted square and the purple
dotted square). The variables subscripted with ! represent the
parameters for the limb controlled by the end-effector and

2686



| Force Balance Controller
Igpedance e 1 Auto Balancer
ontroller || : xl* I .
- cab || i
] N(Ide'fff OI X, | Limitation of Calc of 61 :
LX e Ie tec 2er " end-effecter velocity of i
! || Lvelocity 2) '|_velocity (8) joint angle (6) i
I - ¥ Calc of > .t
h ! b 1
velocity (2) ||| | 0}’”8 velocity of free D);rr:g(;r;llcs Ny
H base-link & i
. L »| of robot |
! joint angle (5) 5 i
; LT
' :
mon?:rifuf; mH Calc of y (4) ‘ ;
[ Y PL e I
+ 3= Calculation of Pc
pr static-balance point (3)

Configuration of Force Balance Control

Red dotted square : Calculation of the posture sequence
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Blue dotted square : Input from module (C)

Yellow dotted square : Input from module (B)

Purple dotted square : Input from the real robot

the variables subscripted with free represent the parameters
for the limb not controlled by the end-effector. Here we call
former limb a end-effector-controlled limb and latter limb a
free limb.

Force Balance Controller is characterized by switching its
control mode from the end-effector control mode to the joint
control mode. Note that Modif. of end-effector velocity and
Modif. of joint velocity in Fig.4 are computed at the same
time.

o The end-effector control mode
When the manipulation strategy is selected from the
single-armed manipulation strategy and the dual-armed
manipulation strategy, Force Balance Controller switch
to this mode. During this mode is choosen, Force Bal-
ance Controller controls the force at the end-effectors
of the arms modifing the positions of the end-effectors
(shown as Modif. of end-effector velocity in Fig.4 ). In
case of HRP2-JSK torso and head are considered as free
limbs and arms and legs are as end-effector-controlled
limbs.
o The joint angle control mode

When the manipulation strategy is selected from the
full-body contact manipulation strategy, Force Balance
Controller switch to this mode. During this mode is
choosen, Force Balance Controller controls the torque at
each joints of the arms modifing the joint angles (shown
as Modif. of joint velocity in Fig.4 ). In case of HRP2-
JSK torso, head and arms are considered as free limbs
and legs are as end-effector-controlled limbs.

Compatibility of force control and full-body balancing
has been discussed as a difficult problem in related works.
Several works based on the passivity realize the full-body
balancing without measurement of the contact point or the
contact force, have been recently reported[7]. These method

premise the torque-controlled system and have yet to be
applied to rapid motion such as walking. The method pro-
posed by Evard et al. [8] has been developed for a position-
controlled system resembling our work. In comparison to
[8], one of the features our method is that our control
method requires low computation cost since the Force Bal-
ance Controller adopts Resolved Momentum Control[12],
proposed by Kajita et al., for the calculation of posture
sequence. Therefore, we can afford to implement not only
the Force Balance Controller, but also other control modules.
For example, in 5[ms] our real-time controller performs self-
collision observation[13] and checking for joint overload
using a warning beep sound, which are quite important
functions in heavy load tasks using the whole body. Another
feature is that because of switch between two modes our high
frequency controller is applicable to full-body manipulation
in which the robot contacts with the object by the contact
points more than the end-effectors of the arms.

A. Impedance Controller for Force Control

We apply the impedance control at each arm, which
indirectly controls the reactive force. That is to say, this
impedance control does not compute torques from the re-
active force but compute the difference of the position of
the end-effector from the difference of the force.

In case of the end-effector control mode impedance for-
mulation at one arm is described as follows:

M+ D(@ — &) + K(z —2]Ty =6f (1)

Let M,D and K be virtual inertia, virtual viscosity and
virtual stiffness. Let x; be the position and orientation vector
of the end-effector. Here 6 f; = (£ — £7°/), in which fct
and flref donate the actual 6-dimension vector of force and
moment and the reference vector. dt is the cycle time of this
controller. The command position of the end-effector for the
Auto Balancer module :cfb is determined as (2).

M2zt (t — dt) — xfb(t — 2dt)]
M + Ddt + K dt>
Ddtzb(t — dt) + [Kzfb(t) + 0 fi)dt?
M + Ddt + Kdt>

In case of the joint control mode the command joint angle
for the Auto Balancer module 849°__ is obtained by solving

(2) in which x; is replaced by @¢,c. and f; by T¢yce. These
transformer is significant for the position controlled robot.

z(t) =

2

B. Auto Balancer for Full-Body Balance Maintenance

The Auto Balancer requires inputs such as the command
velocities of the end-effector and the joint angles, the com-
mand COG trajectory, and the external force feedback from
the real robot. The calculation method of our Auto Balancer
is based on Resolved Momentum Control[12].

1) Modification of the COG Trajectory: The Force Bal-
ance Controller modifies the command COG trajectory ac-
cording to the external forces. We apply the static balance
point [2], [14] to control the COG adaptive to the external
forces.
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Fig. 5. Reaction Force (Top Graphs) and ZMP (Bottom Graphs)

Dotted lines are reference forces

Black dotted line is reference ZMP

Gray dotted lines are edges of the foot polygon

Left graphs : Using only the Impedance Controller.

The robot falls down and following of the force deteriorates.

Right graphs : Using the Impedance Controller and the Auto Balancer.
The robot avoids falling down and the desired force is achieved.

Top graphs :
Bottom graphs :

We introduce (3) as z; y components of the static balance
point pgfez; PGy (3) is derived from the equation to
calculate the Zero Moment Point (ZMP)[2]. Note that we
can adapt (3) to in the case that the object comes in contact
with the robot at a contact point that has no force sensor.

Zlehand flaéd]
Mg =3 ienana [
- MpG[at,y]p.Gz + M(sz - pzmpz)ﬁG[Ly]

_ Pzmplz,y] [M(sz + g) -
Paflay =

N Leiy,a)

Mg =3 chana 1
3

Let [pcz Pay pcz)? be the COG of the robot and let
[Lgz Lay Lg:)T be the angular momentum around the
COG. [pzmpa pz,npy Pamp=] ! denotes the measured ZMP
and [fi fict fie]" denotes the external force measured
at the force sensor except that at the sole. g is the gravity
acceleration, and M is the whole mass of the robot.

2) Calculation of the Posture Sequence: The Auto Bal-
ancer also calculates the full-body posture sequence based
on the command velocities of the end-effectors and the
joint angles modified by the Impedance Controller and the
command COG trajectory based on the external force.

The Auto Balancer maintains the full-body balancing by
controlling the COG position and by keeping the angular
momentum low. Since our balancing control module includes
the COG position control and angular velocity control, in
this paper we call this the Auto Balancer, derived from the
original Auto Balancer of our laboratory proposed by Tamiya
et al.[11].

In our work, the original Resolved Momentum Control
[12] is extended to apply to the Auto Balancer as fol-
lows: avoidance of collision and joint angle limits, and

the reduction of momentum divergence. First, we employ
a method to avoid joint limits based on a weighted least-
norm solution[15]. Using this method the weight of the
joint which to get acquainted with the limit becomes small.
Second, we employ a method to avoid the self-collision by
utilizing the redundancy of an arm [16], [17]. Considering
these extension we obtain the following equation to calculate
the joint velocities. We obtain 6 tree and £p from (4) and
(5) and 01 from (6).

pref M, u
y:S{{Lref] Z |:Hll:|Jngjlb
LElimbs
) { el } (EJ}Jl)m} )
l€limbs
Opee | _ Aty 1 (E— ATA Ofrcc

|: €B :| Yy + ( ) ref (5)
6, =Jf ( &8 [ ‘OE ”H }53 )+(E—J}Jl)nl
(6)

We also use the SR-inverse[18] (represented by { in this
paper) instead of the pseudo-inverse to avoid the singularity
of the manipulator. J; is a Jacobian matrix calculated from
each limb’s configuration and FE is an identity matrix. Let
n; be null space velocities for self-collision avoidance and
n; is required in (5) and (6). #p_,; is a skew symmetric
matrix derived from the difference from the base link to
the end-effector. M; and H; are inertia matrix and A is
computed from selection matrix S and inertia matrices based
on the momentum equation (see [12]). limbs is a set of end-
effector-controlled limbs. [ is a limb included in limbs.
According to the mode of Force Balance Controller the
configuration of (4) - (6) needs to modify. l¢mbs differs
by control mode. In addition in case of the end-effector
control mode because 0% Free 18 not computed from Impedance

b ref

Controller 6%, is substituted by 6, .
Pref and L”’f denote the command momentum and the
command angular momentum respectively. P"¢/ is obtained

by solving (7).

Pl = MEpo(pg] — parsa)
Pyel = MK,y (ng) — pasy)
Prf = MK, (257 — zp) (7)
zBe and zp are the height of the base link. zref is com-

manded by module (C) in Fig.1 and zp is the actual base

height of the dynamics model used in the Auto Balancer.
Here we explain reduction of momentum divergence. :c?b

is input into (4) and (6). When the manipulator suffers from

a singularity or a limit, the difference between #{* and

&7, which is the actual velocity calculated from the solved
joint velocities, becomes large. In this case compensation
of the momentum derived from motion of the manipulator

(the second term in (4)) does not work well, and finally
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t = 70.0[s] t = 75.0[s]
Fig. 6. Experiment of Manipulating an Object with an Unknown Weight

=

t=175.0[s]

t = 170.0[s]

The robot estimated the operational force three times: t = 10[s], t = 40[s] and t = 170[s].
Full-ody control with estimation of the operational force enabled the robot to manipulate the object whose weight changed from 6[kg] to 10[kg].

(4) diverges because we should calculate compensation not
based on @*/ but &¢*'. The Auto Balancer eases this
divergence by limiting &¢°(¢) as (8).

&’ (t) — &7°(t) — K.o2(t) ®)
Let d;(t) be the difference at the current control step.
day(t) = & (t — dt) — &7 (1) ©)
K. is the adequate positive coefficient.

C. Experimental Results of Force Balance Controller

In this subsection we provide experimental data of the
Force Balance Controller. In this experiment the robot has
contact with the object fixed to the environment at the hand’s
end-effector. The command forces at the end-effector amount
to -10[N], -25[N] and -50[N]. The top graphs of Fig. 5 depict
the force and the bottom graphs the ZMP.

A humanoid robot cannot be considered as being fixed
to the environment. When using the Impedance Controller
when a large force is applied, the humanoid robot falls down
(see the top left graph of Fig. 5). Using the Force Balance
Controller, the Auto Balancer prevents the humanoid robot
from falling down (see the bottom right graph of Fig. 5),
and the Impedance Controller regulates the reaction force
(see the top right graph of Fig. 5).

V. EXPERIMENT

In this section we present two experiments in which the
humanoid robot manipulates objects. V-A shows the exper-
iment in which the operational force varies. V-B shows the
experiment in which our control system selects the adequate

manipulation strategy based on the mass properties of the
object.

A. Manipulation Experiment I

In the experiment shown in Fig.6 the robot performed the
following tasks:

1) Picking up a basket with 6-[kg] plastic bottles(t=10[s])

2) Moving to a cart holding the basket(t=30[s])

3) Holding the 10-[kg] basket while weight was added by

a human (t=40[s])

4) Putting down the basket onto a cart (t=70[s])

5) Moving to the handle of the cart (t=170[s])

6) Pushing the cart with the basket loaded onto it

(t=175[s])

Before manipulation the control system considered the
weight of the object as O[kg] because the precise weight
was unknown.

In this experiment the control system estimated the oper-
ational force three times at 1), 3) and 6). Since at 1) and 6)
the robot started estimating on the condition that the object
was in contact with the environment, the estimation method
proposed in III-B.1 was executed. In 1) the estimated oper-
ational force for the 6-[kg] weight was 58.924[N] and at 6)
for the pushing was 14.973[N] (this is the sum of the forces
at both arms). This experiment showed that the presented
control system including estimation of the operational force
enables the robot to manipulate the object in the case that
the weight 1) or the friction coefficient 6) is unknown. Since
in 3) the object is in contact with only the robot the mass
and the centroid can be estimated using the force sensors at
the hands.
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before experiment
Fig. 7.

t= lS.[s]

Experiment of Selecting an Appropriate Manipulation Strategy

t= 50.[s]

t= 57.[s] t= 75.[s]

Although the robot tried to lift the 12[kg] box using both arms, it gave up manipulation because of overloading of the joints at t = 15.0[s].
After switching to the full-body manipulation, the robot was able to lift the box at t = 50.0, 57.0, 75.0[s].

During this experiment the system selected the dual-armed
manipulation strategy because the basket model and the
cart model have the grasping points for the dual-armed
manipulation. The control mode of Force Balance Controller
was the end-effector control mode in this case.

Estimation of the operational force is necessary for the
cases in which the content of the object changes, for example,
as in the case in which a human adds plastic bottles, or a
plastic bottle drops out of the basket. Note that measurement
of the reaction force is insufficient for estimation of the state
of the object. For example, when an increase of the reaction
force is detected, it is impossible to determine whether the
robot has to struggle to stay on its feet because of an increase
in the mass of the content or adapt to the environment.
Although we will not discuss this problem in this paper,
observation of the state of the object using visual information
may be a significant solution. In this experiment the robot
started estimating when the trigger based on human detection
was observed.

B. Manipulation Experiment 2

Fig.7 shows an example of manipulation strategy switch-
ing. Manipulation strategy switching occurred twice in this
experiment.

1) Single-Armed Strategy to Dual-Armed Strategy
First, the single-armed strategy was selected and the
system tried to solve Full-Body Inverse Kinematics
using the end-effector of the selected arm according
to the object trajectory for single-armed manipulation.
However, the system had no description of the grasping
point for single-armed manipulation because of the
size of the object. The system discarded the single-
armed strategy and adopted the dual-armed manip-
ulation strategy. The end-effector control mode was
selected as the control mode of the Force Balance
Controller.

2) Dual-Armed Strategy to Full-Body Contact Strategy:
Full-Body Motion Generator (module (C) in Fig.1 )
successfully computed the full-body posture sequence
according to the grasping point trajectory for the end-
effectors of each arm, and the posture sequence was

executed on the real robot. During manipulation, the
system evaluated whether manipulation is possible or
not. In our setup we employ a function that moni-
tors joint overloading. In the beginning of the dual-
armed manipulation, the robot estimated the force for
manipulation (see t=15[s] in Fig.7 ). While the robot
was estimating the overload of the wrist-pitch joint of
the left arm exceeded the threshold, and the system
determined that the dual-armed manipulation strategy
was unable to be executed (see the left graph of
Fig.9 and the left picture of Fig.8 ). After module (A)
in Fig.1 switched manipulation strategies to full-body
contact manipulation and module (D) in Fig.1 selected
the joint control mode, the robot resumed manipula-
tion. During manipulation the robot completed the task
because of the low overload (see the right graph of
Fig.9 and the right picture of Fig.8 ). This shows that
the proposed manipulation strategy switching is useful
in the manipulation of heavy loads.

Fig. 8. The Robot Model with Torques Display

Colored circles : Joint torque of each joint.
The radius corresponds to torque ratio and
the direction to the frame of the joint.

Yellow circles : Under the threshold (60%)

Red circles : Over the threshold (60%)

Left : In dual-armed strategy at t = 15.0[s], the torque

at the wrist-yaw joint of left arm exceeds the threshold.
Right : In fullbody strategy at t = 75.0[s], load distribution is achieved.
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Left : In dual-armed strategy, torques exceeds the threshold
Right : In fullbody strategy, torques is subthreshold

VI. CONCLUSIONS AND FUTURE WORKS

In this paper we introduced a new control system the
manipulation of a heavy object for a humanoid robot.

We presented a method to determine the manipulation
strategy based on on-line estimation of the operational force.
We also presented a high-frequency controller that both
controls the external force and maintains full-body balance.

The feature point of our work is that since a full-body
control system includes the ability to switch manipulation
strategies based on the operational force estimated on-line,
the system enables a humanoid robot to manipulate heavy
objects as well as light objects. The usefulness of our method
was shown in two manipulation experiment examples.

We tested the manipulation tasks of carrying 6- to 12-
[kg] loads. Our future work will consist of the challenge of
manipulating of heavier objects. Using the proposed method
we can try manipulation of a larger load, since we executed
the manipulation on the safe side (torque ratio < 60%) in our
experiment. We will test the manipulation of heavier objects
safely using the high-powered humanoid robot produced in
our laboratory[19].
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