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rotating the whole laser-camera system mounted on a movable side
of the robot; furthermore, cooperative 3-D laser scanning systems implemented by swarm robots or self-assembling modular robots will be
investigated.
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Command State-Based Modifiable Walking Pattern
Generation on an Inclined Plane in Pitch and Roll
Directions for Humanoid Robots
Young-Dae Hong, Bum-Joo Lee, and Jong-Hwan Kim
Abstract—Previous research related to walking on an inclined plane for
humanoid robots, including the 3-D linear inverted pendulum model (3DLIPM) approach, were unable to modify walking period, step length, and
walking direction independently without any additional step for adjusting the center of mass (CoM) motion. Moreover, the inclination along the
pitch direction was only considered for walking. To solve these problems, a
novel command state (CS)-based modifiable walking pattern generator for
humanoid robots is proposed for modifiable walking on an inclined plane
in both pitch and roll directions. The dynamic equation of the 3D-LIPM
on the inclined plane in both pitch and roll directions is derived to obtain
the CoM motion. Using the CoM motion, a method for modifiable walking pattern generation on the inclined plane is developed to follow a given
CS composed of walking periods, step lengths, and walking directions for
both legs. The effectiveness of the proposed walking pattern generator is
demonstrated through both simulation and experiment for the small-sized
humanoid robot, HanSaRam-IX (HSR-IX).
Index Terms—3-D linear inverted pendulum model (3D-LIPM), command state (CS), humanoid robot, modifiable walking pattern generator
(MWPG), walking on inclined plane, zero-moment point (ZMP).

I. INTRODUCTION
Research on humanoid robots has made rapid progress such that
various humanoid robots capable of stable walking with control algorithms have been developed [1]–[5]. A lot of control algorithms have
been presented on the assumption that the plane is flat. However, in
human environments, there exist not only flat but also inclined planes.
Therefore, walking pattern generation on the inclined plane for humanoid robots is one of the key research issues.
As research on walking pattern generation on the inclined plane,
Kajita and Tani proposed a linear inverted pendulum model (LIPM) to
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control a biped walking on rugged terrain [6]. Zheng and Shen introduced an approach to measure the inclination of the plane using a foot
system and then walk on the inclined plane by a simple modification
of walking motion on a flat plane [7]. Shih and Chiou developed an approach to statically stable walking on the inclined plane maintaining the
center of gravity of the robot within the convex hull of the supporting
foot [8]. Chew et al. presented an approach to compute the hip height for
dynamically stable walking on the inclined plane based on geometric
consideration [9]. There was an approach to model a humanoid robot
on the inclined plane as the 3D-LIPM and generate the trajectory of
the center of mass (CoM) of the 3D-LIPM for walking on the inclined
plane by the preview controller [10], [11]. Besides, there were some
soft computing-based approaches to generate walking motion on the
inclined plane by utilizing evolutionary algorithms [12], [13], neural
network [14]–[16], fuzzy-logic, and their combinations [17].
The previous research on walking on the inclined plane, including
3D-LIPM approach, were unable to modify a walking pattern during
the single support phase. Consequently, it was impossible to independently change walking pattern, i.e., walking period, step length, and
walking direction on the inclined plane without any additional step
for adjusting the CoM motion. Moreover, only the inclination along
the pitch direction was considered for walking. In real environments,
however, there exist inclined planes in roll as well as pitch directions.
To solve these problems, a proposed walking pattern generator is
based on a modifiable walking pattern generator (MWPG), which has
two closed form functions to allow zero-moment point (ZMP) variation in real time [18]. However, the MWPG can be only applied on
the flat plane to modify walking period, step length and walking direction independently. Thus, a novel command state (CS)-based MWPG
is proposed to be applied on the inclined plane in both pitch and roll
directions. Initially, this paper derives the dynamic equation of the
3D-LIPM on the inclined plane in both pitch and roll directions to
obtain the CoM motion with ZMP functions. Using the CoM motion, a
method for modifiable walking pattern generation on the inclined plane
is developed to follow a given CS composed of walking periods, step
lengths, and walking directions for both legs. Once the CS is received, it
is translated into the desired walking state (WS) defined by the position
and velocity of the CoM in sagittal and lateral planes. Then, the control
parameters of ZMP functions are solved to ensure the desired WS is
attainable. The effectiveness of the proposed walking pattern generator is demonstrated through both simulation and experiment for the
small-sized humanoid robot, HanSaRam-IX (HSR-IX), developed at
the Robot Intelligence Technology (RIT) laboratory, Korea Advanced
Institute of Science and Technology (KAIST).
This paper is organized as follows: Section II presents the dynamics
of the 3D-LIPM on the inclined plane in both pitch and roll directions,
and the CoM motion equations of the 3D-LIPM on the inclined plane
are derived. In Section III, a method for modifiable walking pattern
generation on the inclined plane is developed to follow a given CS.
Section IV presents simulation and experimental results, and finally
conclusions follow in Section V.
II. 3D-LIPM ON INCLINED PLANE
A. Dynamics of 3D-LIPM on Inclined Plane
The walking of the humanoid robot is composed of single support
phase and double support phase. In the single support phase, the primary
dynamics of the humanoid robot on a flat plane can be modeled as
a single inverted pendulum, which is called the 3D-LIPM [19]. It
is assumed that the support leg is a weightless telescopic limb, and
the mass is concentrated as a single point without vertical motion.
Consequently, it is possible to decouple the equations of motion for

Fig. 1.

3D-LIPM on inclined plane in pitch and roll directions.

sagittal and lateral planes. The 3D-LIPM can be extended to on the
inclined plane in pitch and roll directions, as shown in Fig. 1. Using the
extended model, the CoM trajectory for stable walking on the inclined
plane can be obtained. The dynamic equation of the 3D-LIPM for
the angular momentum taken around the contact point between the
pendulum model and ground surface in the frame {R}, which lies on
the inclined plane is written as follows:
T g r + rc o m × F g r =

d
(rc o m × L)
dt

(1)

where Tg r = [Tx Ty Tz ]T represents the torque created by the
ground reaction force, rc o m = [x y z]T represents the vector from
the contact point to the CoM, and L is the linear momentum of the
CoM. Gravitational force Fg r is given as follows:

⎡ −mgS C − mgS S ⎤
φ ϕ
ψ ϕ
Fg r = ⎣ mgSφ Sϕ − mgSψ Cϕ ⎦

(2)

−mgCφ Cψ
where m is the mass of the pendulum. Sθ and Cθ are defined as sin θ
and cos θ, respectively. φ and ψ represent the pitch and roll angles
of the inclined plane, respectively. If φ is positive/negative, the plane
is inclined upward/downward. Similarly, if ψ is positive/negative, the
plane is inclined leftside/rightside. ϕ represents the yaw angle from
the vertical direction of the inclined plane to the moving direction of
the robot. Since the height of the CoM, z is constant Zc , (1) can be
rewritten as
⎡
⎤ ⎡ Tx ⎤
gCφ Cψ
−
ÿ −
y − gSφ Sϕ + gSψ Cϕ
Zc
⎢
⎥ ⎢ mZc ⎥
=
⎣
⎦ ⎣
⎦ . (3)
Ty
gCφ Cψ
ẍ −
x + gSφ Cϕ + gSψ Sϕ
mZc
Zc
The ZMP can be used to represent the sum of the torques caused by
the ground reaction force as follows:
T g r − rz m p × F g r = [ 0

0

M z ]T

(4)

where rz m p = [xz m p yz m p 0]T represents the ZMP, and Mz is the
yaw moment. Tx and Ty are obtained from (4) and then the dynamic
equation of the 3D-LIPM can be obtained by substituting them into (3)
as follows:
⎡
⎤
gCφ Cψ


ÿ −
y − gSφ Sϕ + gSψ Cϕ
Zc
gCφ Cψ yz m p
⎢
⎥
.
⎣
⎦=−
Zc
xz m p
gCφ Cψ
ẍ −
x + gSφ Cϕ + gSψ Sϕ
Zc
(5)
The aforementioned equation provides the relationship between the
ZMP and the CoM motion of the 3D-LIPM on the inclined plane in
pitch and roll directions.
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B. CoM Motion of 3D-LIPM on Inclined Plane
The solutions of (5), which mean the CoM motion of the 3D-LIPM
on the inclined plane, are obtained by applying inverse Laplace transform as follows:
Sagittal motion:



xf




=

vf Tc

ChT

ShT

ShT

ChT


+



xi
vi Tc

⎡


−

yf
w f Tc




=

−gTc2 (Sφ Cϕ + Sψ Sϕ )(−1 + ChT )

ChT

ShT

ShT

ChT



yi
w i Tc

⎥
⎥
⎦



⎡


−

.

⎤

T

1 ⎢
⎢ 0
Tc ⎣  T

ShT q̄(t)dt

⎥
⎥
⎦

ChT q̄(t)dt
0

−gTc2 (−Sφ Sϕ + Sψ Cϕ )(−1 + ChT )
−gTc2 (−Sφ Sϕ + Sψ Cϕ )ShT


(6)

with
Tc =

Fig. 2. ZMP functions. (a) Constant function for sagittal motion. (b) Step
function for lateral motion.

ChT p̄(t)dt

−gTc2 (Sφ Cϕ + Sψ Sϕ )ShT


+

1 ⎢
⎢ 0
Tc ⎣  T

ShT p̄(t)dt

0

Lateral motion:



⎤

T

Zc
gCφ Cψ

where (xi , vi )/(xf , vf ) and (yi , wi )/(yf , wf ) represent initial/final
position and velocity of the CoM in sagittal and lateral planes, respectively. Sht and Cht are defined as sinh(t/Tc ) and cosh(t/Tc ),
respectively, T is the remaining single support time, and p(t) and q(t)
are ZMP functions for sagittal and lateral motions, respectively, where
p(t) = p(T − t) and q(t) = q(T − t).
The first terms on the right-hand side of (6) indicate homogeneous
solutions of (5). The second terms represent additional states (particular
solutions) that allow more extensive and unrestricted motions by varying ZMP trajectories with p(t) and q(t). In the conventional 3D-LIPM
approach, the particular solutions have not been considered, assuming
that the ZMP is fixed at the contact point. Consequently, the dynamics
for the CoM motion of the 3D-LIPM is predetermined and unmodifiable throughout the single support phase. Thus, it is impossible to
modify walking pattern, i.e. walking period, step length, and walking
direction independently in the conventional 3D-LIPM. When the step
length is changed, the walking period has to be also changed because
they are dependent. The last terms perform shifting the CoM trajectory
of the 3D-LIPM for walking on the inclined plane according to the
pitch and roll angles of the plane and the yaw angle of the robot (φ, ψ,
and ϕ).
In order to vary the ZMP trajectory effectively, suitable ZMP functions p(t) and q(t) should be provided. Among infinitely many candidate functions, in terms of implementation, the constant function and
the step function are selected for p(t) and q(t), respectively, as shown
in Fig. 2 [18]. In the figure, P and Q are the magnitudes of constant
and step functions, respectively, and Tsw is the switching time of step
function.
To formulate the state of the single inverted pendulum, the following
WS is defined with the position and velocity of the CoM in sagittal and
lateral planes [18].
Definition 1: Walking state is defined as
x = [x

Tc v ]T for sagittal motion

y = [y

Tc w ]T for lateral motion.

Fig. 3. Walking configuration in steady state. The rectangles represent the
foot boundaries and the thick and thin lines represent the CoM trajectories in
single support phase and double support phase, respectively. The small circles
represent the initial/final CoM positions for left/right support phase.

Note that the WS is represented as a two dimensional vector in each
plane and the velocity terms are multiplied with Tc .
III. METHOD FOR MODIFIABLE WALKING PATTERN
GENERATION ON INCLINED PLANE
A. Command State
As a minimal navigational command set to generate a walking pattern, CS is defined with single and double support times, step lengths,
and walking directions for both legs [18].
Definition 2: Command state is defined as
c ≡ [Ts l Td l Sl Ll θl Ts r Td r Sr Lr θr ]
where
Ts l / r
Td l / r
Sl / r
Ll / r
θl / r

single support time during left/right support phase;
double support time from left/right support phase to right/left
support;
sagittal step length of left/right leg;
lateral step length of left/right leg;
direction of left/right leg.

B. Translating CS Into Desired WS
Since walking is a repetitive motion, its behavior can be described by
identifying the WSs at particular points in the motion. When the robot
follows a given CS, it is assumed that its state is in steady state and
ZMP variation is not utilized. These assumptions correspond directly to
a walking pattern that represents steady-state motion for the 3D-LIPM
in which the particular solutions of (6) are zero. In this situation, the
WS at the end of each single support phase is identical. This state is
considered as a desired WS.
To translate the CS into the desired WS, it is enough to observe only
one period of the walking configuration in steady state, as shown in
Fig. 3. According to the CS, sagittal and lateral motions are generally

786

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 16, NO. 4, AUGUST 2011

nonsymmetrical for both left and right legs with different single and
double support times, step lengths, and walking directions. Since the
robot’s state is in steady state without ZMP variation, the walking
configuration can be fully described by initial or final WS for both left
and right leg support phases. In terms of implementation, the CoM is
controlled to travel with constant velocity during double support phase
for a specific time Td l / r for double support from left/right to right/left
movement.
Notation 1: In the derivation, the following notations are used:
xl i initial WS of sagittal motion for left support phase;
xl f final WS of sagittal motion for left support phase;
xr i initial WS of sagittal motion for right support phase;
xr f final WS of sagittal motion for right support phase.
Note that the WSs yl i , yl f , yr i , and yr f are defined in a similar
manner to the case for sagittal motion. Each WS is defined with respect
to the local coordinate frame attached on its support leg.
From the equations of motion, (6) with p(t) = 0 and q(t) = 0, the
following two state equations, which represent left- and right-single
support phases, respectively, are obtained during single support phase:

Zr f = AT s r Zr i + Er



Z = [x


Es l / r =


El l / r =

At =

y]

Cht

Sht

Sht

Cht

(7)


El / r = [ Es l / r

−gTc2 (Sφ Cϕ + Sψ Sϕ )(−1 + ChT s l / r )

El l / r ]



−gTc2 (Sφ Cϕ + Sψ Sϕ )ShT s l / r
−gTc2 (−Sφ Sϕ + Sψ Cϕ )(−1 + ChT s l / r )



After double support time, the final WSs of single support phase become the initial WSs of the next support phase as follows:
Zl i = (UT d r Zr f − Dl )Rθ r
Zr i = (UT d l Zl f − Dr )Rθ l


Rθ =

Cθ

Sθ

−Sθ

Cθ



⎡
Ut = ⎣

⎤

1
0

t
TC ⎦

a1 1 B
⎢ ..
A⊗B = ⎣ .
am 1 B

···
..
.

⎤

a1 n B
.. ⎥
. ⎦.

(11)

· · · am n B

The Kronecker product can be used to get a convenient representation
for some matrix equations. For instance, the equation AXB = C,
for given matrices A, B, and C, and the unknown matrix X, can be
rewritten as follows:
(B T ⊗ A)vec(X) = vec(AXB) = vec(C)

(12)

where vec(X) denotes the vectorization of the matrix X formed by
stacking the columns of X into a single column vector. ζ l / r f , dl / r , and
el / r are vec(Zl / r f ), vec(Dl / r ), and vec(El / r ), respectively. Finally,
(10) gives

(8)


Dl / r =

Sl / r

Ll / r

0

0

1

ζ r f = (A∗l A∗r − I)−1 (A∗l b∗r − A∗l el + b∗l − er )

(13)

where I is the identity matrix. This represents the mapping relationship
between the CS and the desired WS. Once the CS is received, it is
translated into the desired WS form. The desired WS while in single
support phase becomes ζ l f or ζ r f for the left or right support phase,
respectively. The information about the CS lies in the matrices A∗l / r ,
b∗l / r , and el / r .
C. Control Parameters

.

−gTc2 (−Sφ Sϕ + Sψ Cϕ )ShT s l / r

where

⎡

ζ l f = (A∗r A∗l − I)−1 (A∗r b∗l − A∗r er + b∗r − el )

Zl f = AT s l Zl i + El

where

where ⊗ represents the Kronecker product. If A ∈ m ×n and B ∈
p ×q , then their Kronecker product A ⊗ B is the m × n block matrix
whose (i, j) block is the p × q matrix ai j B as follows:


.

By substituting (8) into (7), relationships between final WSs are derived
as follows:

(9)

By using Kronecker product [21], (9) can be transformed to the following vectorial matrix equations:
ζ l f = A∗r ζ r f − b∗r + el
ζ r f = A∗l ζ l f − b∗l + er


T =Tc ln
P =

Zl f = A T s l UT d r Zr f Rθ r − A T s l Dl Rθ r + El
Zr f = A T s r UT d l Zl f Rθ l − A T s r Dr Rθ l + Er .

The control parameters T , P , Tsw , and Q, which characterize the
ZMP functions (see Fig. 2), should be solved to ensure that the desired
WS is attainable. The values of the ZMP functions p(t) and q(t) are
zero when the CS does not change. ZMP variation occurs whenever the
CS changes. This corresponds to the particular solutions that accelerate
or decelerate the CoM until the current WS matches the desired WS. T
represents the remaining time in the single support for the current step
to achieve the desired WS. Therefore, it is generally not identical to the
commanded single support time Ts l / r of the given CS until the end of
the current single support phase when the desired WS is achieved.
1) Sagittal Motion: From (6) for the sagittal motion with t = T
and p(t) = P , control parameters T and P are calculated as follows:



(x2d − x2i ) − (vd2 − vi2 )Tc2
− gTc2 (Sφ Cϕ + Sψ Sϕ ) (14)
2(xd − xi )

where [xd Tc vd ]T represents the desired WS.
2) Lateral Motion: The homogeneous part of (6) for the lateral
motion is determined by the initial WS and the precalculated T from
the sagittal motion. Therefore, it is only necessary to consider the
particular solution. Letting

(10)

with

(vd + vi )Tc + (xd − xi )
(vd + vi )Tc − (xd − xi )

q(t) =

Q,

if 0 ≤ t < Tsw

−Q,

if Tsw ≤ t ≤ T

the particular solution of (6) for the lateral motion is derived as follows:
A∗r

=

RθTr

⊗ (AT s l UT d r ),

A∗l

=

RθTl

⊗ (AT s r UT d l )

b∗r = (RθTr ⊗ AT s l )dl , b∗l = (RθTl ⊗ AT s r )dr



yp
Tc w p




=

2ChT −T s w − (1 + ChT )
2ShT −T s w − ShT


Q.

(15)
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TABLE I
CS LIST (TIME UNITS, LENGTH UNITS, AND ANGLE UNITS WERE GIVEN IN
SECONDS, CENTIMETERS, AND DEGREES, RESPECTIVELY.)

Fig. 4.

Humanoid robot. (a) HanSaRam-IX. (b) Configuration.

A. Simulation Result

From (15), Tsw and Q are calculated as follows:
Tsw = T − Tc ln(h), 0 ≤ Tsw ≤ T
yp
Q=
(h + h−1 ) − (1 + ChT )

(16)

where

⎧
γ+
⎪
⎪
⎪
⎪
⎪
⎨
h=

1,

⎪
⎪
⎪
⎪
⎪
⎩γ−

γ 2 + 4αβ
,
2α

if δ < 0
if δ = 0

γ 2 + 4αβ
, if δ > 0
2α
α = yp − Tc w p
β = yp + Tc w p
γ = yp ShT − Tc wp (1 + ChT )
δ = yp ShT + Tc wp (1 − ChT ).
From (14) and (16), the control parameters are directly calculated from
the current and the desired WSs.
D. Overall Procedure of Proposed Algorithm
In this paper, it is assumed that the pitch and roll plane angles are
measurable. For each sample time, the proposed algorithm receives
a CS and translates it into a desired WS using (13). Next, control
parameters T , P , Tsw , and Q for the ZMP functions are calculated to
achieve the desired WS using (14) and (16). Then, the WS is calculated
using (6). Subsequently, the CoM motion of the 3D-LIPM is updated.
Trajectories of every leg joint are obtained by inverse kinematics.
IV. SIMULATION AND EXPERIMENT
The proposed algorithm was implemented on the small-sized humanoid robot, HanSaRam-IX (HSR-IX) (see Fig. 4). HSR-IX has
been in continual development and research by the RIT Laboratory
at KAIST [3]. Its height and weight are 52.8 cm and 5.5 kg, respectively. It has 26 DOF, which consists of 12 dc motors with harmonic
drives in the lower body and 16 RC servo motors in the upper body. The
on-board Pentium-III compatible PC, running RT-Linux, calculates the
proposed algorithm every 5 ms in real time. To measure ground reaction forces on the feet and the real ZMP trajectory while walking, four
force sensing resisters are equipped on the sole of each foot.

The simulation was carried out using the simulation model of HSRIX modeled by Webot, which is the 3-D robotics simulation software
and enables users to conduct the physical and dynamical simulation
[20]. In the simulation environment, the plane was inclined upward and
left side simultaneously and allowable pitch and roll plane angles φ and
ψ were from −20.0◦ to 20.0◦ and from −8.0◦ to 8.0◦ , respectively, for
the robot to walk straight while maintaining stability. In this simulation,
φ and ψ were set as 15.0◦ and 5.0◦ , respectively. The CS list for the
simulation is shown in Table I, in which sagittal and lateral step lengths
and walking direction were independently changed while maintaining
the same walking period at each footstep.
Fig. 5 shows the generated walking pattern, CoM, and ZMP trajectories in the simulation (Video 1). As shown in the figure, the robot
started to walk from the position [0.0 0.0]T and followed the given CS
list successfully. The CoM trajectory, which was shifted forward and
left simultaneously compared to that on the flat plane, was generated.
Namely, by means of generating the shifted CoM trajectory, the robot
was able to walk stably on the inclined plane because the ZMP was
within the foot boundary. It can be shown that the ZMP trajectories
in x-axis and y-axis followed the foot trajectories with a small variation. The small variation of ZMP trajectories was mainly caused by
the dynamic difference between the robot and the 3D-LIPM. However,
the ZMP trajectories were within the upper and lower boundaries of
foot trajectories. Accordingly, the robot was able to walk stably on the
inclined plane in both pitch and roll directions.
B. Experiment Result
The experiment was carried out using the real small-sized humanoid
robot, HSR-IX. In the experiment environment, the plane was inclined
upward and left side simultaneously and allowable pitch and roll plane
angles φ and ψ were from −12.0◦ to 12.0◦ and from −6.0◦ to 6.0◦ ,
respectively, for the robot to walk straight while maintaining stability.
In this experiment, φ and ψ were set as 8.0◦ and 4.0◦ , respectively.
The difference between pitch and roll plane angles in simulation and
experiment is because there were measurement noise, offset, and unmodeled errors in the real robot, including joint compliance and the
slip between the robot and the plane, which led to the larger variation
of the ZMP trajectories. The CS list for the experiment was the same as
that for the simulation except for rotation motion. The rotation motion
was not considered because of the slip between the robot and the plane.
When the robot changed the walking direction on the inclined plane,
the slip occurred. Then the robot fell down since the ZMP variation
more increased.
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Fig. 5. Generated walking pattern, CoM, and ZMP trajectories when the plane
was inclined upward and left side simultaneously in the simulation (φ = 15.0◦
and ψ = 5.0 ◦ ).

Fig. 6. Generated walking pattern, CoM, and ZMP trajectories when the plane
was inclined upward and left side simultaneously in the experiment (φ = 8.0◦
and ψ = 4.0 ◦ ).

Fig. 6 shows the generated walking pattern, CoM, and ZMP trajectories in the experiment (Video 2). As shown in the figure, the robot followed the given CS list successfully and the ZMP trajectories in x-axis
and y-axis followed the foot trajectories with a little variation. Compared with the simulation result, the variation of the ZMP trajectories
was larger because of the unmodeled errors in the real robot mentioned
earlier. However, the ZMP trajectories were within the upper and lower
boundaries of foot trajectories. Accordingly, the robot was able to walk
stably on the inclined plane in both pitch and roll directions.

generator, the humanoid robot could walk stably on the inclined plane
in both pitch and roll directions following the commanded CS list
in which sagittal and lateral step lengths and walking direction were
independently changed while maintaining the same walking period at
each footstep.
In this paper, the robot can vary the WS by varying the ZMP trajectory. However, this does not mean that the robot has the ability to
change its WS to any desired WS. If the ZMP exceeds the support polygon, the robot is unable to walk stably. To solve this problem, allowable
ZMP variation region has to be defined, which is within the support
polygon. Then when the ZMP exceeds the region, the desired WS has
to be substituted to the WS as close as possible to the desired one, for
which the ZMP is within the support polygon. To satisfy the substituted WS, the CS has to be changed. Also, for changing the walking
direction of HSR-IX on the inclined plane, it needs a more complicated
controller to deal with the slip between the robot and the plane and to
minimize the ZMP variation. These remain as further works.

V. CONCLUSION
In this paper, the CS-based MWPG on the inclined plane in pitch
and roll directions for humanoid robots was proposed and verified
through both simulation and experiment for the small-sized humanoid
robot, HSR-IX. The proposed walking pattern generator independently
changed walking period, step length, and walking direction on the
inclined plane without any extra step for adjusting the CoM motion.
To obtain the CoM motion of the 3D-LIPM with ZMP functions, the
dynamic equation of the 3D-LIPM on the inclined plane in both pitch
and roll directions was derived. Moreover, to follow the given CS, the
method for modifiable walking pattern generation on the inclined plane
was developed. Consequently, by using the proposed walking pattern
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