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Abstract. This paper proposes a novel algorithm for humanoid robots
to walk on unknown uneven terrain by using the Modifiable Walking
Pattern Generator (MWPG). The proposed algorithm runs with a finite
state machine including ascending and descending states. If the landing
time of a swinging leg on unknown uneven terrain is shorter than the
assigned single support time, the state is switched to the ascending state.
If longer, the state is switched to the descending state. When a swinging
leg lands on a surface of unknown uneven terrain, robot receives an impulsive contact force. The average impulsive contact force is reduced by
expanding the duration of the contact time with respect to the impulsemomentum equation. According to the change of the step length due
to unknown uneven terrain, the newly calculated center of mass (CoM)
trajectory in the double support phase after landing the swinging leg is
used. The proposed algorithm is used with the modified foot trajectory
for adapting to the height of the uneven terrain. The effectiveness of the
proposed algorithm is demonstrated through computer simulations using
the simulation model of the small-sized humanoid robot, HanSaRam-IX
(HSR-IX).
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Introduction

Recently, there has been various research to develop humanoid robots. To enable
the robot to walk, walking pattern generators of humanoid robots have been
studied [1]–[3]. However, these algorithms effect not on uneven terrain but on
flat terrain though our real world is composed of various land shapes. Therefore,
research for walking on uneven terrain is also one of the key issues for humanoid
robot [4]–[7].
This paper proposes the walking pattern generator on unknown uneven terrain based on MWPG, which allows the zero moment point (ZMP) variation
in real-time by closed form functions [3]. The conventional MWPG can only be
applied on the even terrain. If the exact terrain information is given, MWPG
could be applied to both even and uneven terrain. However, it is hard to get
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the exact terrain information in a real world, which makes the robot unstable in
walking. The proposed algorithm runs with a finite state machine even for the
walking of humanoid robots on the terrain without the terrain information. It
is composed of 4 states: Ascending, Descending, the conventional MWPG, and
Reducing average impulsive contact force states. If the landing time of a swinging leg on unknown uneven terrain is shorter than the assigned single support
time, the state is switched to the ascending state. If longer, the state is switched
to the descending state.
When swinging leg lands on a surface of unknown uneven terrain, the robot
receives an impulsive contact force, which may make the robot unstable. To
overcome this situation, average impulsive contact force has to be reduced by expanding the duration of the contact time using the impulse-momentum equation.
After landing, the height of the uneven terrain can be calculated by kinematics
using the joint angles of the robot. Due to the unexpected sudden landing on
uneven terrain, the step length could be changed. As the step length is changed,
the center of mass (CoM) trajectory during the double support phase has to be
re-calculated. After the double support phase is completed, the hind leg should
be lifted up on the uneven terrain in the next single support phase. However, the
collision between the robot and the terrain could happen when the conventional
foot trajectory is used. Before applying the conventional foot trajectory, the foot
perpendicularly ascends in a short time. This novel algorithm is implemented
on a Webots simulation model of the small-sized humanoid robot, HanSaRamIX (HSR-IX) that developed at the Robot Intelligence Technology laboratory,
KAIST. The effectiveness of the proposed algorithm is demonstrated through
computer simulations.
This paper is organized as follows. Section 2 presents the MPWG on unknown
uneven terrain. In this section, reducing average impulsive contact force method
is presented along with the modifying CoM trajectory in the double support
phase and the modified foot trajectory for the hind foot. Section 3 presents the
simulation results followed by the conclusions in Section 4.
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The MWPG on Unknown Uneven Terrain

The algorithm of generating walking pattern for unknown uneven terrain is based
on the MWPG. To apply the original extended MWPG based on 3D command
state, the information about the uneven terrain as shown in Fig. 1 has to be given.
In this paper, we propose a reducing average impulsive contact force method that
could be applied without the terrain information. Assume that all part of the
foot’s sole contact with the upper side of the obstacle. Using this method, the
swinging leg in the single support phase could land stably. It guarantees the
stability of the robot based on impulse-momentum equation by extending the
landing time. The next CoM trajectory in the double support time is newly
calculated. After moving the CoM in the double support time, the hind foot
trajectory is also modified to avoid collision with uneven terrain.
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Fig. 1. Trajectory of CoM in the double support phase using the extended MWPG.

2.1

Reducing Average Impulsive Contact Force during Landing
Swinging Leg

In terms of the stability of the robot, reducing average impulsive contact force
during the swinging leg is important on unknown uneven terrain. To solve this
problem, a finite state machine in Fig. 2 is used. There are three important
states. The following three states can be distinguished by the values of FSR
sensor attached on the sole of the swinging leg.
1. Reducing average impulsive contact force state: extending contacting time
of the swinging leg during around 0.2 s.
2. Ascending state: If the landing time on unknown uneven terrain is shorter
than the assigned single support time (0.8 s), then the state is changed to
ascending state.
3. Descending state: If the landing time on unknown uneven terrain is longer
than the assigned single support time (0.8 s), then the state is changed to
descending state.
The reducing average impulsive contact force method is based on the following impulse-momentum equation:
Z t2
→
(1)
F dt = m∆v.
t1

If the terrain comes back to even terrain again, the walking pattern returns
to the conventional MWPG.
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Fig. 2. A finite state machine for MWPG on unknown uneven terrain.

2.2

CoM Trajectory Generation in the Double Support Phase

z

x
Trajectory for known uneven terrain
Trajectory using regular MWPG
Fig. 3. Trajectory comparing between even and uneven terrains.

The conventional method of generating trajectory of CoM in the double

support
phase cannot be applied in unknown uneven terrain. The conventional
Robot Intelligence Technology
Lab.
method is assumed that the travel distance of the swinging leg is the same as
the normal step length. As the swinging leg lands on unknown uneven terrain
unexpectedly, the travel distance of the swinging leg is shorter or longer than
the normal step length, as shown in Fig. 3. Thus, the trajectory of CoM in the
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Double support에서의 CoM 이동경로생성

double support time should be modified. The total travel distance of CoM in the
single and double support phases must be the same as step length. This method
makes Zero Moment Point (ZMP) being included in the convex hull of the foot
 Double
CoM
이동경로생성
supporting
area.support에서의
Note that step
length
is also modified due to the uneven terrain.
For z-axis, the trajectory of CoM is generated from Zc to Zc + Hl/r by the cubic
spline interpolation.
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Fig. 4. The trajectory of CoM in the single and double support phases before and after
landing.
𝑥𝑑𝑠 : double suppor에서 CoM이 움직여야 할 거리

travel distance of CoM in the single support phase before8
passing z-axis, x2 is the travel distance of CoM in the single support phase after
passing z-axis and xds is the travel distance of CoM in the double support time.

Robot Intelligence
In Fig. Technology
4, x1 isLab.
the

2.3

The Hind Leg Trajectory after Landing

When the conventional foot trajectory from MWPG is used, the hind foot has
a high probability of collision on uneven terrain. In this situation, the heading
angle of the robot can be altered or the stability of the robot can’t be guaranteed.
According to this, the horizontal movement of foot stops until zf oot is larger than
Hl/r first. Afterward, the trajectory is followed by the cubic spline interpolation
function as shown in Fig. 5. Hl/r can be obtained using the kinematics of the
support leg. The vertical foot trajectory of the swinging leg, zf oot is generated
by a cycloid function.
The foot trajectory of the swinging leg is as follows:

pre
pre
 − 2 Sl/r +Sl/r t3 + 3 Sl/r +Sl/r t2 − S pre
ss
ss
3
3
l/r
Tl/r
Tl/r
xf oot (t) =
0

if zf oot (t) > Hl/r
otherwise

(2)

비 평탄지형의 충돌을 피하기 위한 발 움직임 변화
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Fig. 5. Original and modified foot trajectories on ascending state.

Robot Intelligence Technology Lab.
pre
ss
where Sl/r
represents sagittal step length at t = 0, Tl/r
represents single
support time during left/right support phase and Sl/r is sagittal step length at
ss
t = Tl/r
.

When the robot on the descending state because of the absence of FSR value,
the foot trajectory is modified to be lifted down vertically. Vertical movement
let the robot avoid the unsolved inverse kinematics problem.

Fig. 6. Original and modified foot trajectories on descending state.
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Simulation Results
HanSaRam-IX

The proposed algorithm was implemented on the simulation model of the smallsized humanoid robot, HSR-IX. The simulation model of HSR-IX was modeled
by Webots that is the 3-D robotics simulation software and robot behavior can be
tested in physically realistic worlds[9]. HSR has been in continual development
and research by the Robot Intelligence Technology laboratory, KAIST. Its height
and weight are 52.8 cm and 5.5 kg, respectively. It has 26 DOFs which consist of
12 DC motors with harmonic drivers in the lower body and 16 RC servo motors
in the upper body (two servo motors in each hand control). To measure ground
reaction forces on the feet and the real ZMP trajectories while walking, four
force sensing resisters are equipped on each foot.
3.2

Simulation Results on Unknown Uneven Terrain

Fig. 7 shows ascending and descending state simulation for unknown uneven
terrain using the Webots simulator. The height of the terrain is about 1.0 cm.
However, this information is not provided to the robot. The normal step length
is 12.0 cm, the step length for uneven terrain is 7.0 cm. the duration of the
double support time is 0.4 s and the duration of the single support time is 0.8 s.
But, the modified single support time is about 0.485 s after landing on uneven
terrain. The results show that robot can generate walking pattern on unknown
uneven terrain with high stability.

Fig. 7. Simulation results on unknown uneven terrain.

Figs. 8 and 9 show ZMP trajectories to the global coordinate systems of
sagittal motion and lateral motion on ascending state, respectively. The ZMP
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trajectory is within an allowable ZMP variation region so that the stability of the
walking pattern is guaranteed. Due to the unexpected landing of the swinging
leg, overshoot occurs.

Fig. 8. ZMP trajectory of the sagittal motion.

4

Conclusion

In this paper, the novel walking pattern on unknown uneven terrain based on
the MWPG was proposed. As a novel method, a finite state machine was used.
Ascending state worked when the landing time of a swinging leg on unknown
uneven terrain was shorter than the assigned single support time (0.8 s). As a
similar manner, descending state was also defined. This method reducing average impulsive contact force of the swinging leg on unknown uneven terrain
was implemented. Then, the trajectory of the CoM on the double support phase
was re-calculated and the trajectory of the next swinging leg was also modified.
The proposed method was tested for the simulation model of the small-sized
humanoid robot, HanSaRam-IX (HSR-IX) and the effectiveness was verified
through computer simulations. In our future works, the problem that not all
but partial part of the foot’s sole contacts with the upper side of the obstacle
will be implemented.
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Fig. 9. ZMP trajectory of the lateral motion.
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