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Abstract – Previous walking pattern generation methods could generate walking patterns that allow 
only straight walking on flat and uneven terrain. They were unable to generate modifiable walking 
patterns whereby the sagittal and lateral step lengths and walking direction can be changed at every 
footstep. This paper proposes a novel walking pattern generation method to realize modifiable walking 
of humanoid robots on unknown uneven terrain. The proposed method employs a walking pattern 
generator based on the 3-D linear inverted pendulum model (LIPM), which enables a humanoid robot 
to vary its walking patterns at every footstep. A control strategy for walking on unknown uneven 
terrain is proposed. Virtual spring-damper (VSD) models are used to compensate for the disturbances 
that occur between the robot and the terrain when the robot walks on uneven terrain with unknown 
height. In addition, methods for generating the foot and vertical center of mass (COM) of the 3-D 
LIPM trajectories are developed to realize stable walking on unknown uneven terrain. The proposed 
method is implemented on a small-sized humanoid robot platform, DARwIn-OP and its effectiveness 
is demonstrated experimentally. 
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1. Introduction 
 
Walking pattern generation for humanoid robots is one 

of the most important issues in the field of humanoid 
research. To this end, various approaches have been 
proposed for generating walking patterns on flat terrain 
[1-5]. In addition, several methods for generating walking 
patterns on uneven terrain have been studied in order to 
realize walking of humanoid robots in real human 
environments; these include methods that employ stability 
criteria such as the zero moment point (ZMP) [6, 7] and 
contact wrench sum [8, 9]. Moreover, attempts have been 
made to control the posture of a humanoid robot while it 
walks on uneven terrain using sensor systems [10-13]. 
However, the above-mentioned studies could generate 
walking patterns that allow only straight walking on flat 
and uneven terrain. They were unable to generate modifiable 
walking patterns whereby the sagittal and lateral step 
lengths and walking direction can be changed at every 
footstep.  

In this paper, we propose a novel walking pattern 
generation method to realize modifiable walking of 
humanoid robots on unknown uneven terrain. For modifiable 
walking, a walking pattern generator based on the 3-D 
linear inverted pendulum model (LIPM) [1] is employed; it 
enables a humanoid robot to vary its walking period, step 

length, and walking direction independently at every 
footstep by adopting the ZMP variation scheme [14]. In 
[14], the exact height information is required to walk on 
uneven terrain. Therefore, a control strategy for walking on 
unknown uneven terrain is proposed. Virtual spring-damper 
(VSD) models are used to compensate for the disturbances 
that occur between the robot and the terrain when the robot 
walks on uneven terrain with unknown height. In addition, 
methods for generating the foot and vertical center of 
mass (COM) of the 3-D LIPM trajectories are developed 
to realize stable walking on unknown uneven terrain. The 
proposed method is implemented on a small-sized humanoid 
robot platform, DARwIn-OP, and its effectiveness is 
demonstrated experimentally.  

The remainder of this paper is organized as follows. 
Section 2 describes the generation of modifiable walking 
patterns. In Section 3, the control strategy for walking on 
unknown uneven terrain is proposed. The disturbance 
compensation using the VSD models is explained and the 
methods for generating foot and vertical COM trajectories 
for walking on unknown uneven terrain are described. 
Section 4 presents and discusses the experimental results. 
Finally, Section 5 summarizes our findings and concludes 
the paper. 

 
 
2. Generation of Modifiable Walking Patterns 
 
To generate modifiable walking patterns, we adopt a 

walking pattern generation method based on the 3-D LIPM 
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as shown in Fig. 1. From the dynamic equation of the 3-D 
LIPM, the sagittal and lateral COM motions of the 3-D 
LIPM can be obtained as follows: 
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where /c cT Z g= , and p(t) and q(t) represent ZMP 
functions on the sagittal and lateral planes, respectively. * 
denotes the convolution operator. The sagittal and lateral 
COM positions and the velocities define a walking state 
(WS) as follows: 

 
Definition 1: A WS is defined by 
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where (x, v) and (y, w) are the COM positions and the 
velocities in the sagittal and lateral planes, respectively. 
Note that the WS is represented as a 2-D vector in each 
plane and that the velocity terms are multiplied by Tc. xi /xf 
and yi /yf in (1) are the initial/final WSs in the sagittal and 
lateral planes, respectively. 

The first and second terms on the right-hand side of (1) 
are the homogeneous solution component and the 
particular solution component of the dynamic equation of 
the 3-D LIPM, respectively. In the conventional 3-D LIPM, 
the ZMP is fixed at the center of the foot polygon because 
only the homogeneous solution component is utilized. 
Consequently, the WS is unmodifiable throughout the 
single-support phase. However, the particular solution 
component allows the ZMP to be varied over the convex 

hull on the bounded foot region through the ZMP functions 
p (t) and q (t). Namely, this walking pattern generator uses 
real-time ZMP variation, which makes it possible to change 
the WS throughout the single-support phase. Consequently, 
it is possible to generate modifiable walking patterns 
without any extra footsteps to adjust for the COM motion. 

For every sampling time, the footstep command, which 
is composed of walking period, step length, and walking 
direction, is entered into the walking pattern generator and 
then the desired WS is derived for the footstep command 
[14]. Next, the sagittal and lateral COM trajectories 
satisfying the desired WS are obtained from (1), and every 
leg joint trajectory is calculated by the inverse kinematics. 

 
 
3. Control Strategy for Walking on Unknown 

Uneven Terrain 
 

3.1 Disturbance compensation 
 
When a humanoid robot walks on uneven terrain with 

unknown height, as shown in Fig. 2, a disturbance between 
the robot and the terrain occurs when the sole of the 
swing leg contacts the terrain. VSD models are used to 
compensate for such disturbances, as shown in Fig. 3. Two 
rotational VSD models are used for the x-axis and y-axis 
motions of the foot, and one linear VSD model is used for 
the z-axis motion of the foot. The sole of each foot is 
equipped with four force-sensing resistors that measure the 
torques, Tx , Ty, and the ground reaction force, Fz , on the 

 
Fig. 1. 3-D LIPM 

 
Fig. 2. Walking of humanoid robot on unknown uneven 

terrain 

 
Fig. 3. VSD models for the foot 
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foot. The rotational foot displacements/velocities, /x xq q&  
and /y yq q& , and the linear foot displacement/velocity, 

/z zd d& , are calculated using the following equations: 
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where kx /bx, ky /by, and kz /bz are the spring/damper 
coefficients. 

 
3.2 Generation of foot and vertical COM trajectories 

 
The sagittal and lateral foot trajectories of the swing leg, 

xfoot (t) and yfoot (t), are generated by cubic spline 
interpolation as follows: 
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where S/Spre and L/Lpre are the sagittal and lateral step 
lengths from the foot of the support leg at the current/ 
previous footstep, respectively, and Tss is the single-support 
time. The vertical foot trajectory of the swing leg, zfoot(t), is 
generated by a cycloid function. In addition, according to 
the commanded foot height at each footstep, the trajectory 
is modified by Δzfoot(t), which is generated by cubic spline 
interpolation as follows: 
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where H/Hpre is the foot height from the foot of the support 
leg at the current/previous footstep, and R is the radius of 
the cycloid circle. Contact between the swing leg and the 
terrain occurs during walking on unknown uneven terrain. 
At this moment, the commanded foot height, H, at this 
footstep is modified for walking on uneven terrain and 
compensating for the disturbance between the robot and 
the terrain as follows: 

 
 ( )foot contact zH z t d= +  (5) 

 
where tcontact denotes the time of contact between the terrain 
and the sole of the swing leg. Subsequently, the foot height 

for the next footstep, Hnext, is commanded as follows: 
 

 next gH h= -  (6) 
 

with 
 

 .pre
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Note that / pre

g gh h  is defined with respect to the base 
coordinate frame of the ground, as shown in Fig. 2. After 
the foot height of the swing leg is modified, the COM 
height of the 3-D LIPM should be modified to realize 
stable walking on uneven terrain. During the single-support 
phase, the COM height is maintained at a constant value, 
Zc; then, it changes to Zc + H during the double-support 
phase. The vertical COM trajectory, z(t), is generated by 
cubic spline interpolation as follows: 
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where Tds is the double-support time. Note that z(t) is 
defined with respect to the local coordinate frame of the 
support leg. 

 
3.3 Overall procedure 

 
The overall procedure of the proposed method is 

summarized in Algorithm 1. The footstep command is 
entered into the proposed walking pattern generator at 
every sample time. If the walking state is the single-
support phase, the desired WS is derived for the footstep 
command, and the sagittal and lateral COM trajectories 
satisfying the desired WS are obtained from (1). The foot 
trajectories of the swing leg are generated using (3), (4). 
When the contact between the sole of the swing leg and the 
terrain occurs, the foot height is modified using (5), and the 
foot height for the next footstep is determined by (6). If the 
walking state is the double-support phase, the vertical 

Algorithm 1 Overall procedure 
enter footstep command 
if single-support phase then 
   derive desired WS 
   generate x and y using (1) 
   generate xfoot(t), yfoot(t), and zfoot(t) using (3), (4) 
   if sole of swing leg contacts terrain then 
      modify H using (5) 
      determine Hnext using (6) 
   end if  
else if double-support phase then 
   generate z(t) using (7) 
end if 
calculate leg joint trajectories using inverse kinematics 
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COM trajectory is generated by (7). Every leg joint 
trajectory is calculated by the inverse kinematics, and until 
the walking is terminated, these steps are repeated. 

 
 

4. Experimental Results 
 
The proposed method was implemented on DARwIn-OP, 

a small-sized humanoid robot platform (height, 45.5 cm; 
weight, 2.8 kg), as shown in Fig. 4. In the experiment, the 
COM height, Zc, was set as 18.35 cm, and the radius of 
cycloid circle, R, was set as 2.0 cm. In the experimental 
environment, there were five boards of different heights 
(0.5, 1.0, and 1.5 cm) and sizes, which were oriented in 
different directions. Table 1 lists the VSD coefficients. 

Fig. 5 shows snapshots of the walking experiment on 
unknown uneven terrain. As shown in the figure, the 
humanoid robot walked stably on the unknown uneven 

terrain by modifying the sagittal and lateral step lengths, S 
and L, and the walking direction q , at every footstep. 
Table 2 presents the commanded modifiable walking 
patterns, which are predetermined or afforded by the 
footstep planner [15, 16] for walking on uneven terrain. 
Using the proposed method, the heights of the boards were 
estimated, and then, the commanded foot height, H, was 
modified at each footstep for walking on the unknown 
uneven terrain. As shown in Fig. 6, the sagittal and lateral 
COM trajectories were generated to achieve the commanded 
modifiable walking patterns. Moreover, the COM height 
was maintained at a constant value during the single-
support phase, and during the double-support phase, it was 
varied according to the estimated heights of the boards to 
enable the robot to step up or down. 

Fig. 7 shows the measured ZMP trajectories in the 
walking experiment. It can be seen that the ZMP 
trajectories followed the foot trajectories with a slight 
variation that was mainly due to the disturbance caused by 
the contact between the foot of the robot and the terrain as 
well as the dynamic differences between the humanoid 
robot and the 3-D LIPM. However, these were 
compensated for by the proposed method; therefore, the 
ZMP trajectories were within the boundaries of the foot 

 
Fig. 5. Snapshots of the walking experiment on unknown uneven terrain (left to right, top to bottom) 

 
Fig. 4. Small-sized humanoid robot platform, DARwIn-OP 

 
Table 1. VSD coefficients 

kx 100000 x-axis VSD model 
bx 20000 
ky 100000 y-axis VSD model 
by 20000 
kz 10000 z-axis VSD model 
bz 2000 

 

Table 2. Commanded modifiable walking patterns (time, 
length, and angle are expressed in units of seconds, 
centimeters, and degrees, respectively) 

Steps (swing leg) Tss Tds S L q  H 
1st (right leg) 0.80 0.60 5.00 -7.40 0.00 0.00 
2nd (left leg) 0.80 0.60 6.00 7.40 0.00 0.92 
3rd (right leg) 0.80 0.60 5.00 -7.40 0.00 -0.93 
4th (left leg) 0.80 0.60 2.00 7.40 0.00 0.95 

5th (right leg) 0.80 0.60 5.00 -10.40 0.00 -0.93 
6th (left leg) 0.80 0.60 7.00 7.40 0.00 0.97 

7th (right leg) 0.80 0.60 4.00 -7.40 0.00 -0.46 
8th (left leg) 0.80 0.60 7.00 7.40 0.00 0.94 

9th (right leg) 0.80 0.60 5.00 -11.40 -20.00 -0.47 
10th (left leg) 0.80 0.60 7.00 7.40 0.00 -0.98 

11th (right leg) 0.80 0.60 5.00 -7.40 0.00 0.00 
12th (left leg) 0.80 0.60 0.00 7.40 0.00 0.00 
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trajectories. Consequently, the proposed method enabled 
the humanoid robot to walk on the unknown uneven terrain 
stably by modifying the sagittal and lateral step lengths and 

the walking direction at every footstep. 
 
 

5. Conclusion 
 
This paper proposed a method for generating modifiable 

walking patterns for humanoid robots on unknown 
uneven terrain. The proposed method uses real-time ZMP 
variation to generate modifiable walking patterns. Further, 
the control strategy for walking on unknown uneven terrain 
is proposed. It compensates for disturbances that occur 
between the robot and the uneven terrain by using VSD 
models of the foot. In addition, foot and vertical COM 
trajectories are generated to realize stable walking on 
unknown uneven terrain. The effectiveness of the proposed 
method was demonstrated experimentally. The experimental 
results indicate that the proposed method enables a 
humanoid robot to walk stably on uneven terrain, without 
the knowledge of the exact height of the terrain, by 
modifying its walking period, sagittal and lateral step 
lengths, and walking direction at every footstep. 
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