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Humanoid Loco-Manipulations
Pattern Generation and Stabilization Control

Masaki Murooka, Kevin Chappellet, Arnaud Tanguy, Mehdi Benallegue,
Iori Kumagai, Mitsuharu Morisawa, Fumio Kanehiro and Abderrahmane Kheddar

Abstract—In order for a humanoid robot to perform loco-
manipulation such as moving an object while walking, it is
necessary to account for sustained or alternating external forces
other than ground-feet reaction, resulting from humanoid-object
contact interactions. In this letter, we propose a bipedal control
strategy for humanoid loco-manipulation that can cope with
such external forces. First, the basic formulas of the bipedal
dynamics, i.e., linear inverted pendulum mode and divergent
component of motion, are derived, taking into account the
effects of external manipulation forces. Then, we propose a
pattern generator to plan center of mass trajectories consistent
with the reference trajectory of the manipulation forces, and
a stabilizer to compensate for the error between desired and
actual manipulation forces. The effectiveness of our controller is
assessed both in simulation and loco-manipulation experiments
with real humanoid robots.

Index Terms—Humanoid and Bipedal Locomotion; Multi-
Contact Whole-Body Motion Planning and Control; Body Bal-
ancing.

I. INTRODUCTION

OVING large and heavy objects is a hard task for

humans, and is expected to be left to humanoid robots.
In such loco-manipulation tasks, humanoid robots need to walk
and maintain balance while applying the force required to
move the object using its ‘arms’. Furthermore, the ability to
achieve such a task despite the unavoidable discrepancies be-
tween planned and actual humanoid-object interaction forces,
is essential to ensure robustness and reliability.

In this letter, we propose a control strategy, which can
cope with external manipulation forces, for humanoid loco-
manipulation. Specifically, we extend two control layers: the
pattern generator based on the preview control [1] and the
stabilizer based on the divergent component of motion (DCM)
feedback control [2], [3], [4]. These control methods are based
on the usual formulas of bipedal dynamics, i.e., linear inverted
pendulum mode (LIPM) [5] and DCM dynamics [6], [3]. By
re-deriving and re-examining these key formulas taking into
account external manipulation forces, the proposed control can
accurately handle the following two points that were ignored in
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the conventional controls of humanoid loco-manipulation [7],
(81, [9], [10], [11]:

1) incorporating the effect of manipulation vertical forces
without approximation in the walking pattern generation,
and

2) explicitly compensating for the error of manipulation
forces in the stabilizer.

We show the effectiveness of the proposed control strategy
through simulations and real experiments, in which humanoid
robots perform various loco-manipulation tasks.

II. BACKGROUND AND CONTRIBUTION
A. Bipedal Walking

A widely used framework for controlling bipedal walking
consists of a pattern generator and a stabilizer. The pattern
generator is responsible for generating the trajectory of the
center of mass (CoM) to track the reference ZMP trajec-
tory. Several methods have been proposed, including preview
control-based method [1], MPC-based method [12], and DCM-
based method [3]. The stabilizer’s role is to steer the robot’s
CoM to track the desired CoM trajectory generated by the
pattern generator based on robot state sensor measurements (or
estimators). Feedback control based on DCM or its equivalent
values is also used in the stabilizer [13], [2], [3], [4]. The
methods in the previous studies are mostly based on LIPM [5]
and DCM dynamics [6], [3]. In this letter, the pattern generator
and stabilizer are extended to account for external manipula-
tion forces in their closed-form formulas.

B. Humanoid Loco-manipulation

In previous studies, loco-manipulation such as non-
prehensile manipulation (e.g., pushing [7], [8], [9], [10], [11]
and pivoting [14], [15]) and articulated environment oper-
ation (e.g., door opening [16]) has been achieved by life-
sized humanoid robots. In most of these studies, the pattern
generator and stabilizer for bipedal walking is used as is, with
an offset due to hand forces added to the ZMP or CoM [7],
[8], [9], [10], [11]. This corresponds to approximating the
ZMP scale effect due to hand vertical forces as negligible. In
this letter, we show that this approximation can be eliminated
without increasing the computational cost. Besides, for stable
humanoid loco-manipulations, it is important to deal with the
errors in manipulation forces. However, in previous studies,
although manipulation contact positions were adjusted accord-
ing to the measured force by impedance control [10], [9],
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Fig. 1. Overall components for humanoid loco-manipulation.
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The superscripts “d”, “a”, and “c” mean the desired value, actual (measured)
value, and command value, respectively. 8 represents the robot joint angles.

[16], the manipulation force discrepancy was not considered
in the stabilizer. To the best of our knowledge, this letter
is the first to formulate the CoM and ZMP adjustments in
a DCM-based bipedal stabilizer with explicit consideration
of the manipulation force error. In [17] external forces are
accounted for, yet without dedicating an appropriate stabilizer,
which resulted in a very conservative joint walking. Another
shortcoming was the interaction force prediction (that was part
of the MPC).

C. Multi-contact Motion

Loco-manipulation discussed in this letter can be catego-
rized as a special case of multi-contact motion: mainly walking
on two legs while manipulating an object with the hands.
Recently, multi-contact motion generation [18], [19] and sta-
bilization [20], [21], [22], [19] have been proposed, including
pushing operations using multi-contact controllers [23], [24].
These methods treat arms and legs indistinguishably in plan-
ning and control, and are based on general equations of motion
that do not assume bipedal dynamics modes. However, w.r.t.
bipedal walking performance, these methods still have limita-
tions, such as higher computational costs for motion generation
and longer time for stabilization to converge. In this letter, by
assuming loco-manipulation with bipedal walking, we adopt a
bottom-up approach that extends the low computational cost
methods based on bipedal dynamics, rather than the top-down
general multi-contact motion methods with high computational
cost.

D. Overall Configuration of our Control System

Fig. 1 illustrates our proposed control system for humanoid
loco-manipulation considering external manipulation forces
(e.g., on the hands). The main focus of this letter is on
pattern generator and stabilizer. These two main ingredients
are presented in Section IV and V, respectively, after deriving
key formulas of the bipedal dynamics with external forces
in Section III. Section VI describes the implementation and
assessments using simulation, and Section VII shows the
application to various loco-manipulation tasks in simulation
and real world.

III. BIPEDAL DYNAMICS WITH EXTERNAL FORCES

In this section, we derive LIPM [5] and DCM dynamics [6],
[3] that take into account external manipulation forces. These

Fig. 2. Centroidal dynamics in humanoid loco-manipulation case.

formulas are the basis of the pattern generator and the stabi-
lizer presented in the following sections.

A. Newton-Euler Equation

The centroidal dynamics of a humanoid robot are governed
by the Newton-Euler equation (Fig. 2):

E;j - {(Z —c) >J:sz + nz] B [ﬂgg}
+ Z [ Je ] (1)

X f[%] 4 n[%]

m € R is the robot mass. g = [0 0 g] is the gravitational
acceleration vector. ¢ € R3 is the robot CoM. L. € R3 is the
angular momentum around the CoM. z € R? is the ZMP. Note
that z is calculated directly and only from the feet forces. fz
and nz € R? are the net force and moment around the ZMP
that the robot receives through the feet. f [z] n[em,p[’] € R?
are the force, moment, and position of the 7" h external contact,
respectively.

One notable loco-manipulation feature that differs from
the general multi-contact motion, is that the reference value
of the manipulation commands ( fe;], ne’:L [1]) is given. For
example, the hand positions can be planned from the target
object trajectory, and the hands’ forces and moments can be
computed from the expected force required to move an object.
Even if the expected required forces are not known a priori,
it is still possible for the robot to estimate them online from
sensor measurements [10], [16], [25]. In this letter, we take
full advantage of this feature and extend the conventional
methods for bipedal walking, assuming application to loco-
manipulation. Although the reference value of manipulation
commands is considered given or known, we stress that the
error discrepancy with the actual value is explicitly compen-
sated in our proposed stabilizer.

B. Linear Inverted Pendulum Mode

Eliminating fz from (1) and expressing it in component
form:
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g, %y, %, are the X, Y, and Z components of *, respectively.

nzg and nz, are zero from the definition of ZMP. As-
suming the horizontal components of the angular momentum
rate Lcyz, Lgy are zero, the X and Y components of (2) are
transformed as follows:

Cr = w2 (Co — K2z +Va) (3a)
&y = w? (cy — Kzy + ) (3b)
where
w= )=t (3c)
C, — 2,
(]
nzl—m, C=m(é, +9g) (3d)

¢
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Combining (3a) and (3b), we get the first key formula, the
LIPM with external forces:

E=w?(c—krz+7) 4)

c € R? is the CoM. z € R? is the ZMP. The vertical
component is dropped from here, and only the horizontal
components are considered. Assuming constant vertical CoM
and ZMP positions, treat w as a constant. Compared to the
conventional LIPM [5], the natural frequency w remains the
same, with additional scale  and offset v = [y, v,]7. The
X and Y components of the CoM and ZMP are completely
separated from the other coefficients (w, x, and 7). Also, the
external forces only affect x and ~, not w. These features
are important in dealing with external forces in a LIPM-based
approach. As a difference from the previous studies [7], [8],
[9], [10], [11], where (2) is solved for ZMP; in this letter, it
is organized as the second-order dynamics of the CoM, which
clarifies the bipedal dynamics with external forces.

C. Divergent Component of Motion

Expressing (4) as a state equation:
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where A, = LJQI O] , B = [_ng}

O and I are a two-dimensional zero matrix and an identity
matrix, respectively. The system matrices A. and B, are
the same as the conventional state equation without external
forces. The eigenvalues of A, are —w and w. The eigenvec-
tors corresponding to the eigenvalue w are [I 0 w 0]7 and

[0 10 w]”, and their component is the following unstable
mode called DCM [6], [3]:

Szc—i—%é (6)

Note that even if the robot is subject to external forces, the
DCM is the same as in the conventional case [6], [3]. The
state equation (5) can be expressed using DCM as follows:

jtm = [_31 iﬂ [ﬂ - [81] (h2—7) @)

The upper part of (7) is similar to the conventional case.
Extracting the lower part of (7), we get the second key formula,
the first-order dynamics of DCM:

E=w(é—rz+7) (8)

If the external forces are zero, k = 1 and v = 0, so
the equations (4) and (8) are equivalent to the conventional
equations when there are no external forces.

IV. PATTERN GENERATOR WITH EXTERNAL FORCES

The pattern generator (PG) generates a CoM trajectory to
track the input reference ZMP trajectory. The reference ZMP
trajectory is determined by the footstep sequence obtained
from the operator command or planner [26] at the upper layer.
In loco-manipulation, the reference trajectories of the force,
moment, and position of manipulation external contacts (e.g.,
hands) are also inputted to the PG. In this letter, we present
a PG that extends the preview control in [1]. See the end of
this section for other methods extensions.

A. Introduction of ext-ZMP

LIPM with external forces (4) can be expressed in the same
format as the conventional LIPM by replacing a variable as
follows:

E=w?(c—2) where 2=kz—7~ 9)
In 2, the scale and offset due to external forces are added to
z. Z is afterward referred to as ZMP with external forces (ext-
ZMP). If the external forces are zero, ext-ZMP coincides with

the conventional ZMP, making it a straightforward extension.

B. Preview Control

By replacing the conventional ZMP with an ext-ZMP, the
conventional preview control can be applied as it is. The
following derivation of the preview control just follows [1],
except that ZMP is replaced by ext-ZMP, but we describe it
for self-contained explanation.

In the following, we focus only on the X component as the
Y component can be handled in the same way. By discretizing
(9) and considering the CoM jerk as the input and the ZMP
as the output, the following state equation is obtained:

1 At At?)2 At3/6
zJk+1] =10 1 At | zelk]+ [ A2 /2| ug[k]
0 0 1 At
(10a)
k=1 0 —1/w?] z[K] (10b)
where  @o[k] = [calk] o] ElK]]"



At is the control time-step and & is the step index. By min-
imizing the following objective function, the CoM trajectory
that tracks the reference ext-ZMP (i.e., tracks the reference
ZMP and the reference external forces) can be obtained:

J=3(QEU - 276" + Re2lil) A
j=k

@ and R are the objective weights. The control input (CoM
jerk) that minimizes (11) under (10) is obtained by the
following equation [1]:

us[k] = —Kp aelk] + Y Kglj] 207 [k + j]

Jj=1

(12)

Nj, is the number of time-steps of the preview window. The
control gains K, and Ky are determined from the system
matrices in (10) and objective weights in (11) [27]. Note that
the effect of the external forces is isolated to ext-ZMP, and the
control gains remain constant even when the external forces
change.

Although there are some previous studies that use preview
control for the motion of pushing an object [7], [8], [9], [10],
[11], they only add an offset to the reference ZMP or the
output CoM, which is equivalent to setting the ZMP scale s
to 1 in ext-ZMP (9). In this letter, the ZMP scale due to the
vertical external forces is correctly considered, and as shown
in Section VI, the walking stability is improved when the robot
is subject to vertical external forces.

C. Other Pattern Generation Methods

The formulas in Section III do not prohibit that other pattern
generation methods may also be easily extended to treat
external manipulation forces. For example, in the linear MPC-
based method [12], the state equation (10) and the objective
function (11) can be used as they are. In addition, DCM-
based method [3] can make use of the extension of the DCM
dynamics shown in (8). Implementing these extensions on our
robots requires additional engineering efforts that are beyond
the scope of this letter.

V. STABILIZER WITH EXTERNAL FORCES

In the stabilizer (ST), the error between the CoM obtained
from PG and the actual estimated robot CoM is reduced based
on sensor measurements. In this letter, we employ an ST
based on DCM feedback control [2], [3], [4]. Particularly, we
extend the implementation of [4], whose source code is open.
Fig. 3 shows the calculation procedure in the ST [4]. In this
procedure, “DCM Feedback Control” is extended to account
for external manipulation forces.

A. Strategy Overview

The proposed ST uses two strategies to maintain balance in
response to external manipulation forces error: CoM strategy
and ZMP strategy (Fig. 4). CoM strategy can handle larger
errors than ZMP strategy, which is constrained by the sole
region. Conversely, the ZMP strategy can respond to errors
faster compared to the CoM strategy. The latter requires
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Fig. 3. Calculation procedure of the stabilizer.
“DCM Feedback Control” is extended to treat external manipulation forces.

CoM strategy

Nominal state ZMP strategy

Fig. 4. Strategy for dealing with external force error in stabilizer.

In the example shown in the figure, the robot is pushed backward by forces
larger than expected at hands. In the CoM strategy, the robot moves the CoM
forward while maintaining the ZMP. In the ZMP strategy, the robot moves
the ZMP backwards while maintaining the CoM.

whole-body robot motions. The proposed ST separates the
errors in the frequency domain and applies these strategies
in a complementary manner.

B. DCM Feedback Control

First, the state equation of the DCM error including the
error of the external forces is derived in Sections V-B1-5, and
then the feedback law is introduced in Section V-B6.

1) Dynamics of DCM Error: From (8), the following
equations hold for the actual value *® obtained from sensor
measurements and the desired value #*? obtained from the
loco-manipulation PG:

€n — (g — k2% 1 4%)
éd _ w(Ed _ pld _’_,Yd)
To linearize the error dynamics, we assume that Kk = K = K
is constant. In general motion, the error of x in (3d) due to
the error of the vertical manipulation (hand) forces is not so
large, thus this simplification does not have much impact.
Subtracting both sides of (13b) from (13a), we have:
£ = w(€* — k2* +79)
*¥% denotes the error between the actual value and desired
value (x% — *d).
2) Dynamics of ZMP Delay: In the ST, the DCM is
controlled by realizing the command ZMP obtained through

feedback with the foot damping control [28], [4]. In reality, the
actual ZMP lags behind the command ZMP due to mechanical

(13a)

(13b)
d

(14)



compliance and control tracking. It was proposed to deal with
this delay with the following first-order lag system [28], [2]:

5)
d

éa — 7[)2‘1 +pzc

p is the parameter of the first-order lag system. Z¢ = z¢ — z
is the difference between command ZMP and desired ZMP.

3) Second-order Dynamics of DCM Error: Differentiating
(14) leads to:

£ =w (é“ — K2 + fy“)
=w (€~ n(pze + p29) +57)

= pw€® + (w — p) éa — KpwZ© + pwy® +wx*  (16¢)

(16a)
(16b)

(16¢) is the second-order dynamics of the DCM error used
to derive the feedback law of ST. (15) is used for the
transformation from (16a) to (16b), and (14) is used for the
transformation from (16b) to (16¢).

4) Frequency-Domain Separation of External Forces: For
the complementary implementation of the CoM strategy and
ZMP strategy described in Section V-A, the offset ¥* due
to external forces is separated into high-frequency component
¢ and low-frequency component ¢ :

Y= +7L a7
The low-frequency component is handled by the CoM strategy
by replacing the desired CoM with the following ¢’ instead
of ¢? as follows:

di=ct -3¢ (18)

Assuming that the rate of change is negligible in the low-
frequency component (’7% ~ 0), the desired DCM and the
DCM error are expressed as:

1
d _ rd —od _ ¢d _ za
gl =~ =gl —5p
E/azga_gld:£a+,7g
Substituting (19b) into (16¢) cancels 47 and gives:

(19a)
(19b)

€% = pw"® + (w — ) £ — KpwE® + pT + Wi (20)

5) State Equation: In the following, we reason on the X
component as the Y component can be handled in the same
way. (20) is expressed by the following state equation:

d
— X = Ag.’l)g + Bg?i + Cg

p ! (21)
s 0 1 0
where x¢ = &a , A¢=10 0 1
| 0 pw w—p
0 [ 0
B = 0 , Ce= 0
—Kpw PG + WY

The system matrix A¢ does not depend on external forces.
6) Feedback Control: We construct the following state
feedback for the system (21):

- A 1_ 1.
a=lk by kaoet Aot A @)

This is the PID control of DCM via ZMP [2], [4]. Then,
substituting (22) into (21), the following closed-loop response

d _d dl
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Fig. 5. Calculation procedure of DCM feedback control.

is obtained:
d 0 1 0
Swe=| 0 0 1 @ 23)
—kpwk; pw(l—kky) w—p—rpwky

a

g is canceled by the last two terms of (22). The closed-
loop response (23) does not depend on =, but only on . The
system is stabilized by determining the gains l~cp, ki, kq by pole
placement [2] or experimentally [4].
The closed-loop response of the conventional ST without
external forces under the same feedback law is as follows:
d 0 1 0
- Lg = 0 0 1 Te
g —pwk; pw(l—kp) w—p—pwkq

(24)

Comparing (23) and (24), to match the response of the
proposed ST with the response of the conventional ST of the
gains kp, k;, kg, the gains in (22) should be set as follows:
TSR A L
K K K
Fig. 5 shows the calculation procedure of DCM feedback

control considering external forces.

(25)

C. Overall Process of Stabilizer

The control ZMP 2¢ = [z5 z¢]" calculated by (22) is
converted according to the ST calculation procedure (Fig. 3).
The rest of the processes only follow [4], so it is omitted as
appropriate.

From (22), the command ZMP z€ can be obtained as:

1 1 1.
¢ =244 —PID 4+ —~7% + —~% 26
z z% + p + H’YH + Hp’yH (26)

where PID = kpé’“ + k; /E’adt + kdé/a

From (4) and (26), the command ZMP z€ is converted to the
command CoM acceleration ¢€:

& = w?(c? — kz® + %) (27a)

2

= &d — W PID — w?§% — A9, (27b)
p

From (1) and (27b), the command CoM acceleration &€ is

converted to the command net force and moment of feet

represented in the world frame ff, ., %,

Fiot| _ [m<6° Tg)] By { B
ﬁjc"oot c® X f;oot P (p[eiz]: - C) X -fc[:c] + n[ez:l
(28)

Here, the angular momentum rate around the world origin is
assumed to be zero. The command force and moment for



each foot f]{r;ot,n;fwt are obtained by solving the quadratic
programming (QP) that distributes the net force and moment
Jfoot: Moot to the left and right feet with saturation to the
sole region [4]. Finally, the command force and moment are
realized by foot damping control [28], [4].

VI. IMPLEMENTATION AND SIMULATION

The proposed PG and ST are implemented in C++ within
a real-time robot control framework mc_rtc [29], along
with impedance control of the hand [10], [9], [16] and the
tracking control of the swing foot. Kinematics commands,
such as the hand, foot, and CoM positions, are passed to the
acceleration-based whole-body inverse kinematics calculation,
and the calculated joint angles are commanded to the low-
level robot’s position PD controller. The proposed PG and ST
are computationally inexpensive and can be executed in 2 ms
cycles on a robot’s embedded computer. We used the following
values as parameters for PG and ST: Q = 1, R = 10~8in (11),
ki =0,k, = 1.25,kq = 0 in (22).

The proposed PG and ST are assessed with three test-cases
with the dynamics simulator Choreonoid [30]. In the verifi-
cations, we used a simulation function that applies specified
external forces to the robot’s hands.

In test-case 1, we verify that the PG generates a CoM
trajectory consistent with the given reference trajectories of
horizontal external forces (Fig. 6). Fig. 7 shows the results.
As shown in (A), forces in the front-back direction of 50 N
are applied to each hand (100 N in total on the left and
right). (B) shows that the PG generates a CoM trajectory that
tracks the ext-ZMP calculated from the external forces, and
(C) shows that the robot successfully responds to the external
forces with almost no fluctuation in the ZMP. Even if the robot
is constantly stepping on the spot, obtained result is similar to
static standing.

Test-case 2 verifies the response to external forces in the
vertical direction (Fig. 8). Fig. 9 shows the results. As shown
in (A), upward and downward forces of 200 N are applied
to each hand while the robot fixes the hand position and
steps on the spot. (B) shows that the robot is stepping while
keeping the ZMP in the center of the support region. Note that
the PG generates a CoM trajectory with different amounts of
lateral sway depending on the vertical external forces. This
is because, as mentioned in Section IV, the PG correctly
considers the ZMP scale effect due to the vertical external
forces. As shown in (C), ignoring this effect (setting x = 1 in
(9)) will cause ZMP to fluctuate due to external forces.

In test-case 3, while applying the same 50 N backward force
as in test-case 1, we exert on each hand a sinusoidal distur-
bance force in the same axis (X-axis), with an amplitude of
30 N. Fig. 10 shows the results. As shown in (A), disturbances
with periods of 2 s, 5 s, and 10 s were applied in sequence. (B)
shows the offset 4% due to disturbances, the high-frequency
component 7§, handled by the ZMP strategy, and the low-
frequency component 7¢ handled by the CoM strategy. The
cutoff period of the low-pass filter for separation is 1.0 s. As
shown in (C), high-frequency disturbances are dealt with by
adjusting ZMP, and low-frequency disturbances are dealt with

by adjusting CoM. As shown in (D), when the compensation
for external force error in ST is disabled (¥§;, = 47 = 0), the
fluctuations of CoM and ZMP become large, which indicates
the effectiveness of the external force error compensation in
the proposed ST.

VII. APPLICATION TO LOCO-MANIPULATION TASKS

We applied the proposed controller to loco-manipulation
motions with a humanoid robot in simulation and the real
world.

Fig. 11 shows the rolling operation of a large bobbin (bob-
bins are found in factories fabricating metal wires, papering,
tissues...) by HRP-5P [31]. Such bobbins are generally large
and heavy (about 1.3 m in diameter and can reach up to 140 kg
in weight), and require a large friction force to curve and turn,
making them one of the most difficult objects that humanoid
robots have ever handled. The actual manipulation forces and
ZMP were measured from the 6-axis force sensors mounted
on the robot’s wrists and ankles. As shown in (A) and (B)
in Fig. 11, the robot moved the bobbin by straight-line and
turning motions. Although the setting of the hand forces was
not necessary for the straight-line motions on flat grounds due
to the small rolling friction, the turning motion could require
the lateral hand forces of about 40 N or more for each hand. As
shown in (C) and (D), the robot turned the bobbin by exerting
the hand forces required to move the object while stepping to
the side and maintaining its balance.

Fig. 12 and Fig. 13 (A) show the cart pushing operation by
HRP-2Kai on the floor with changes in friction. On a floor
with a different friction coefficient than expected, there is an
error between the desired forces and the actual forces of the
hands. However, the CoM strategy and the ZMP strategy in
the ST can compensate for the error, and the walking while
pushing can be performed robustly. Additionally, as shown in
Fig. 13 (B), simulation experiments were performed in various
scenarios. See the accompanying video for details.

VIII. CONCLUSION

In this letter, we propose a control method for humanoid
loco-manipulations. First, we formulate the bipedal dynamics
by accounting external manipulation forces, and then introduce
a loco-manipulation pattern generator to track the reference
trajectory of external forces inherent to manipulation of objects
by a humanoid robot. Second, we formulate a stabilization
control that separates the discrepancies between planned and
actual manipulation forces in the frequency domain and com-
pensates for them by adjusting CoM and ZMP. We have shown
the effectiveness of our controller by applying it to various
loco-manipulation motions such as rolling an object by a
humanoid robot.

Future challenges include (i) accurate manipulation of large
and heavy objects by integrating full experimental loco-
manipulation and assembly operations using object visual
tracking and SLAM, and (ii) reaching human-speed perfor-
mance in such operations.
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