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Abstract— When a humanoid robot carries an object or is
applied by unknown external forces, the reference point of
the Center of Mass (CoM) and Zero Moment Point (ZMP)
will be changed in order to keep balanced. In this paper, we
propose the method for keeping the statical balance with or
without unknown external forces. And the CoM is modified for
positioning the real ZMP to the desired ZMP. The proposed
method is verified by experiments.

Keywords— Zero Moment Point(ZMP), Balancing Control,
Humanoid robot

1. Introduction

The balancing control of a humanoid robot has been

researched in various fields until now. These studies have

been mostly focused on the behaviors of humans. In a

human’s daily life, the task of carrying or moving an object

is one of the most important behavior. For performing such

tasks, the balancing method is essential for a humanoid robot.

These kinds of balancing methods keep the robot in a stable

state.

Harada et al.[1, 2] proposed the Generalized Zero Moment

Point (GZMP) to push or lift an object. And Takubo et

al.[3, 4] proposed the Complemental Zero Moment Point

(CZMP) and Dynamically Complemental ZMP (DCZMP) to

keep balance while pushing an object. In these researches,

the external forces are known as sensing the forces using

force torque sensors attached to the robot’s hands.

As shown in these works, the Center of Mass (CoM)

and Zero Moment Point (ZMP) are changed to stabilize the

robot’s balance considering external forces such as pushing

or lifting an object. For a human, as shown in Fig. 1., if

an object is carried by hand, the body is moved for keeping

balance with the object.

In this paper, a method for keeping the statical balance

with or without unknown external forces is proposed only

using force torque sensors attached to it’s ankles. Using the

relation of the CoM position and the real ZMP in static state,

the desired CoM position will be founded for positioning the

real ZMP to the desired ZMP.

Fig. 1. the position of CoM and ZMP with and without an object.

2. Balancing Control System

The purpose of the balancing method is that the real ZMP

is positioned to the desired ZMP with or without unknown

external forces. We consider the ZMP equation when a

external force exists.

(rCM − rZMP)× Mg+(rExt − rZMP)× FExt + τExt

= (rCM − rZMP)× Mr̈CM
(1)

where g = [0 0 − g]T denotes the gravity force vector.

g is the gravitational acceleration. M is the total mass of

the humanoid robot. rCM, rZMP, r̈CM and rExt are the real

CoM position vector, the real ZMP position vector, the real

CoM acceleration vector and the position vector of applied

unknown external force, respectively. And FExt and τExt are

unknown external force and torque vector. rExt , FExt and τExt

are unknown values. Fig. 2. shows the model with unknown

external forces.

Since the ZMP is defined as the point on the ground

and reference frame is on the ground. The ZMP equation

is expressed as

2.2 Determining the Range Limits 

The pitch angle has a dynamic variance of 2° when 
robot moves flat road surfaces with no obstacles or debris. 
As shown in the Figure 2, we can compute the expected 
range of position of road surface data in robot coordinate. 
Therefore, after receiving the pitch angle from the gyro 
sensor we determine the range limits of the y and z axes by 
considering the dynamic variance. 

Fig. 2. Changing of expected position range of road 
surface data in the robot coordinate. 

2.3 Determining the Road Surfaces 

The data on road surfaces are expected to be positioned 
comparatively parallel to the Xr axis of the robot. If the 
slope of consecutive data points is under 0.5, the 
underlying surface is considered to be a road surface. Then, 
we find the closest data-points from the field dataset and 
determine the underlying aspect as a road feature. 
Road-feature data yields information on the range and 
height of the road. Using this information, we can 
distinguish road surfaces and obstacles. 

2.4 Detect obstacles 

In the previous step, we determined the standard data. 
This data obtain the information of the range and the 
height the road. Firstly, data within that range are 
considered as obstacles because the obstacles on the road 
have a shorter range than the road. However, detected 
range of road surfaces is about 4m. If we use this one 
concept, we can only detect the obstacles within 4m. So 
we derive second method. As we know the height value of 
the road surfaces we can define the non-passage area by 
the elevation from the road height. Then, we can also deal 
with the obstacles over 4m range. 

2.4 Simulation of Road Detection Algorithm 

The experiment is carried out about recognition of the 
environment using proposed road detection algorithm. 
Simulation result is presented. Experimental environment 
is that the robot is on the upward side of the speed hump. 
In that situation the robot is looking up. So range data to 
road surface is longer than range data is detected when 
robot is on the float road surface. 

Experimental environment is shown in the Figure.3. In 
the Figure.4, the left figure is the position of the robot in 
the environment and the right figure indicates the result of 
the road detection algorithm in the given environment. The 

blue dot means the raw LRF data and the lines are the 
extracted data as a road surfaces. The red circle means the 
detected obstacles. In the Figure.4, robot is on the upward 
side of the speed hump. It is clear that even the robot pose 
is not settled on the flat surface. We can estimate the robot 
pose by the angle and can detect the road information 
properly. We can also detect the obstacles even though the 
robot is looking down the road by elevation information. 

Fig. 3. Experimental environment 
: speed hump, 2 boxes, board, speed hump and other 
obstacles 

Fig. 4. Robot is moving on upward side of speed hump 

3. Motion Control 

To confirm the availability of our algorithm when the 
robot is in motion, we also present the motion control 
scheme using field detection algorithm. The motion 
control is based on the Vector Field Histogram. Basic 
concept is the same. However, the valley selection parts 
are considered by field detection algorithm. 

3.1 Vector Field Histogram 

The original Vector Field Histogram (VFH) algorithm 
is shown in the Figure.5. Firstly, we receive the distance 
information by using a Laser Range Finder (LRF). The 
laser data is expressed by polar histogram and the value is 
large when the robot is near the obstacles. Then, we 
determine the safety distance as a threshold and choose 
those directions in which the distance exceeds the 
threshold. We call these directions “Candidate Valleys” 
(1). Among the candidate valleys one valley is selected 
with the minimum difference to the goal direction and 
called “Selected Valley” (2). Finally, the proper 
translational velocity and angular velocity are selected. 
The desired direction of the robot is within the “Selected 
Valley”. By comparing the goal pose and current pose of 
the robot, the angular velocity is chosen. The translational 
velocity is proportional to the distance from the obstacle 
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Fig. 2. Model with external force and torque.

xZMP =
xCMM(g+ z̈CM)− zCMMẍCM − xExtF

(z)
Ext + zExtF

(x)
Ext + τ (y)

Ext

M(g+ z̈CM)− F (z)
Ext

(2)

yZMP =
yCMM(g+ z̈CM)− zCMMÿCM − yExtF

(z)
Ext + zExtF

(y)
Ext − τ (x)

Ext

M(g+ z̈CM)− F (z)
Ext

(3)

where rCM = [xCM yCM zCM]T , r̈CM = [ẍCM ÿCM z̈CM]T ,rZMP =
[xZMP yZMP zZMP]T ,rExt = [xExt yExt zExt ]T ,FExt =
[F (x)

Ext y(y)
Ext z(z)

Ext ]T and τExt = [τ (x)
Ext τ (y)

Ext τ (z)
Ext ]T . The ZMP value

including unknown forces is obtained from force-torque

sensors attached at the ankles by sensing the reaction forces

from the ground.

And let us considering the static state. In this state, all

of acceleration values become zero. We can obtain the

ZMP in the static state, r̄ZMP = [x̄ZMP ȳZMP z̄ZMP]T , letting the

acceleration parts be equal to zero.

x̄ZMP =
xCMMg − xExtF

(z)
Ext + zExtF

(x)
Ext + τ (y)

Ext

Mg − F (z)
Ext

(4)

ȳZMP =
yCMMg − yExtF

(z)
Ext + zExtF

(y)
Ext − τ (x)

Ext

Mg − F (z)
Ext

(5)

The ZMP in the static state with unknown external forces

indicates the statical balancing point of the robot. If no

external forces are applied to the robot, the ZMP in the static

state indicates the CoM position. And the desired CoM is

changed as follows.

xdes
CM = (xCM − x̄ZMP)+ xdes

ZMP (6)

ydes
CM = (yCM − ȳZMP)+ ydes

ZMP (7)

where rdes
CM = [xdes

CM ydes
CM zdes

CM ]T and rdes
ZMP = [xdes

ZMP ydes
ZMP zdes

ZMP]
T

denote the desired CoM vector and the desired ZMP vector.

When the balancing control works, the CoM is positioned

to the point in difference between the real CoM position

and the ZMP position in static state from the desired ZMP

position for positioning the real ZMP to the desired ZMP

position. Then, the CoM of the robot is positioned for the

statical balance with or without unknown external forces on

the desired ZMP position.

To make smooth trajectory of the desired CoM, the virtual

mass spring damper system model is used.[5]

0 = (0 − ¨̄xdes
CM)+C/M(0 − ˙̄xdes

CM)+K/M(xdes
CM − x̄des

CM) (8)

0 = (0 − ¨̄ydes
CM)+C/M(0 − ˙̄ydes

CM)+K/M(ydes
CM − ȳdes

CM) (9)

Where the coefficients of the model are C/M = 6 and K/M

= 9 in this experiments. When the real CoM moves to the

modified desired CoM position, r̄des
ZMP = [x̄des

ZMP ȳdes
ZMP z̄des

ZMP]
T , the

robot keeps the statical balance of the body.

The controller for balancing the robot is shown at Fig. 3.

CoM Position

ZMP (in static state)

Determination of 
Desired CoM

Virtual mass
sprimg damper 

system

Humanoid
Robot

F/T Sensor

Model
Parameter

Desired
CoM

Modified
desired
CoM

Desired
ZMP

des
ZMPr des

CMr des
CMr

CMr

ZMPr

Fig. 3. Block Diagram of the balancing controller.

3. Experiment
We performed experiments of balance by using the hu-

manoid robot Mahru, develpoed at KIST in 2004. In this

experiment, the balancing method is shown in loading the

objects. The humanoid robot Mahru is in standing still, and

objects will be loaded to the robot arbitrarily. The weight of

the objects is 0.5Kg and 2Kg. And the basket, 2Kg of the

object and the two set of 0.5 Kg of the objects two times

in sequence are loaded. The weight of the basket is 0.26Kg.

Fig. 4. shows the experiments that the objects are loaded in

different weight. As shown in the figure, the robot is moved

for balancing its body with the basket and the objects. The

line on the figure is the center line on the neutral state of the

robot unloading the any objects. The moving distance of the

body of the robot depends on the magnitude of the external

forces.

To show the performance of the balancing control, we

perform the experiments with and without the balancing

control. Fig. 5. shows that the result of the experiment

without control. The x direction is the front of the robot, and

the y direction is leftward direction of the robot. The graphs

are the real CoM position, desired ZMP position and the real

ZMP position. The desired ZMP is fixed, and the difference

between the real CoM and the ZMP position in state of the

robot unloading the objects is due to the modeling error of

the robot. The result shows that the more the robot loads the

objects, the more the ZMP is moved from the ZMP position

in state of unloading the objects.

2.2 Determining the Range Limits 

The pitch angle has a dynamic variance of 2° when 
robot moves flat road surfaces with no obstacles or debris. 
As shown in the Figure 2, we can compute the expected 
range of position of road surface data in robot coordinate. 
Therefore, after receiving the pitch angle from the gyro 
sensor we determine the range limits of the y and z axes by 
considering the dynamic variance. 

Fig. 2. Changing of expected position range of road 
surface data in the robot coordinate. 

2.3 Determining the Road Surfaces 

The data on road surfaces are expected to be positioned 
comparatively parallel to the Xr axis of the robot. If the 
slope of consecutive data points is under 0.5, the 
underlying surface is considered to be a road surface. Then, 
we find the closest data-points from the field dataset and 
determine the underlying aspect as a road feature. 
Road-feature data yields information on the range and 
height of the road. Using this information, we can 
distinguish road surfaces and obstacles. 

2.4 Detect obstacles 

In the previous step, we determined the standard data. 
This data obtain the information of the range and the 
height the road. Firstly, data within that range are 
considered as obstacles because the obstacles on the road 
have a shorter range than the road. However, detected 
range of road surfaces is about 4m. If we use this one 
concept, we can only detect the obstacles within 4m. So 
we derive second method. As we know the height value of 
the road surfaces we can define the non-passage area by 
the elevation from the road height. Then, we can also deal 
with the obstacles over 4m range. 

2.4 Simulation of Road Detection Algorithm 

The experiment is carried out about recognition of the 
environment using proposed road detection algorithm. 
Simulation result is presented. Experimental environment 
is that the robot is on the upward side of the speed hump. 
In that situation the robot is looking up. So range data to 
road surface is longer than range data is detected when 
robot is on the float road surface. 

Experimental environment is shown in the Figure.3. In 
the Figure.4, the left figure is the position of the robot in 
the environment and the right figure indicates the result of 
the road detection algorithm in the given environment. The 

blue dot means the raw LRF data and the lines are the 
extracted data as a road surfaces. The red circle means the 
detected obstacles. In the Figure.4, robot is on the upward 
side of the speed hump. It is clear that even the robot pose 
is not settled on the flat surface. We can estimate the robot 
pose by the angle and can detect the road information 
properly. We can also detect the obstacles even though the 
robot is looking down the road by elevation information. 

Fig. 3. Experimental environment 
: speed hump, 2 boxes, board, speed hump and other 
obstacles 

Fig. 4. Robot is moving on upward side of speed hump 

3. Motion Control 

To confirm the availability of our algorithm when the 
robot is in motion, we also present the motion control 
scheme using field detection algorithm. The motion 
control is based on the Vector Field Histogram. Basic 
concept is the same. However, the valley selection parts 
are considered by field detection algorithm. 

3.1 Vector Field Histogram 

The original Vector Field Histogram (VFH) algorithm 
is shown in the Figure.5. Firstly, we receive the distance 
information by using a Laser Range Finder (LRF). The 
laser data is expressed by polar histogram and the value is 
large when the robot is near the obstacles. Then, we 
determine the safety distance as a threshold and choose 
those directions in which the distance exceeds the 
threshold. We call these directions “Candidate Valleys” 
(1). Among the candidate valleys one valley is selected 
with the minimum difference to the goal direction and 
called “Selected Valley” (2). Finally, the proper 
translational velocity and angular velocity are selected. 
The desired direction of the robot is within the “Selected 
Valley”. By comparing the goal pose and current pose of 
the robot, the angular velocity is chosen. The translational 
velocity is proportional to the distance from the obstacle 
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(a) unloaded (b) basket with 2Kg of object

(c) basket with 3Kg of objects (d) basket with 4Kg of objects

Fig. 4. The experiment of loading the basket with objects

Fig. 5. The CoM and ZMP movement of the robot loading the objects
without control

Fig. 6. The CoM and ZMP movement of the robot loading the objects
with control

Fig. 6. shows that the result of the experiment with control.

When the robot loads the objects, the real ZMP position is

changed each time. And then the CoM position determined

by the balancing control is moved. And the real ZMP is

positioned to the desired ZMP position with the CoM is

moved. After unloading the objects, the real CoM and ZMP

position back to initial position at the start. As a result, the

real ZMP of the robot keeps the desired ZMP position with

or without the external forces.

And the last experiment is that hand force is applied to

the robot. Fig. 7. shows the experiments of forcing the robot

in various direction by hand. The hand force is unknown

force as before experiments, and is arbitrary. The movement

of the CoM is shown by the line on the figure. The line is

the center line on the neutral state of the robot unloading the

objects. The experiments are performed (a), (b), (c), (d) and

(e) in Fig. 7. in sequence. Fig. 8. shows that the result of

the real CoM and ZMP movement with forcing the robot by

hand. That result also shows that the real ZMP is positioned

to the desired ZMP for statical balancing. As a result, the

balancing control keeps the robot statical balancing state.

4. Conclusion

In this paper, the balancing method of positioning the real

ZMP to the desired ZMP with or without the external forces

is proposed. The method is verified with the experiment of

loading the different weighting objects. When the ZMP is

changed by applying the external forces, the CoM is moved

for balancing its body. In this method, the used sensors are

only the force torque sensors attached from the ankles.

2.2 Determining the Range Limits 

The pitch angle has a dynamic variance of 2° when 
robot moves flat road surfaces with no obstacles or debris. 
As shown in the Figure 2, we can compute the expected 
range of position of road surface data in robot coordinate. 
Therefore, after receiving the pitch angle from the gyro 
sensor we determine the range limits of the y and z axes by 
considering the dynamic variance. 

Fig. 2. Changing of expected position range of road 
surface data in the robot coordinate. 

2.3 Determining the Road Surfaces 

The data on road surfaces are expected to be positioned 
comparatively parallel to the Xr axis of the robot. If the 
slope of consecutive data points is under 0.5, the 
underlying surface is considered to be a road surface. Then, 
we find the closest data-points from the field dataset and 
determine the underlying aspect as a road feature. 
Road-feature data yields information on the range and 
height of the road. Using this information, we can 
distinguish road surfaces and obstacles. 

2.4 Detect obstacles 

In the previous step, we determined the standard data. 
This data obtain the information of the range and the 
height the road. Firstly, data within that range are 
considered as obstacles because the obstacles on the road 
have a shorter range than the road. However, detected 
range of road surfaces is about 4m. If we use this one 
concept, we can only detect the obstacles within 4m. So 
we derive second method. As we know the height value of 
the road surfaces we can define the non-passage area by 
the elevation from the road height. Then, we can also deal 
with the obstacles over 4m range. 

2.4 Simulation of Road Detection Algorithm 

The experiment is carried out about recognition of the 
environment using proposed road detection algorithm. 
Simulation result is presented. Experimental environment 
is that the robot is on the upward side of the speed hump. 
In that situation the robot is looking up. So range data to 
road surface is longer than range data is detected when 
robot is on the float road surface. 

Experimental environment is shown in the Figure.3. In 
the Figure.4, the left figure is the position of the robot in 
the environment and the right figure indicates the result of 
the road detection algorithm in the given environment. The 

blue dot means the raw LRF data and the lines are the 
extracted data as a road surfaces. The red circle means the 
detected obstacles. In the Figure.4, robot is on the upward 
side of the speed hump. It is clear that even the robot pose 
is not settled on the flat surface. We can estimate the robot 
pose by the angle and can detect the road information 
properly. We can also detect the obstacles even though the 
robot is looking down the road by elevation information. 

Fig. 3. Experimental environment 
: speed hump, 2 boxes, board, speed hump and other 
obstacles 

Fig. 4. Robot is moving on upward side of speed hump 

3. Motion Control 

To confirm the availability of our algorithm when the 
robot is in motion, we also present the motion control 
scheme using field detection algorithm. The motion 
control is based on the Vector Field Histogram. Basic 
concept is the same. However, the valley selection parts 
are considered by field detection algorithm. 

3.1 Vector Field Histogram 

The original Vector Field Histogram (VFH) algorithm 
is shown in the Figure.5. Firstly, we receive the distance 
information by using a Laser Range Finder (LRF). The 
laser data is expressed by polar histogram and the value is 
large when the robot is near the obstacles. Then, we 
determine the safety distance as a threshold and choose 
those directions in which the distance exceeds the 
threshold. We call these directions “Candidate Valleys” 
(1). Among the candidate valleys one valley is selected 
with the minimum difference to the goal direction and 
called “Selected Valley” (2). Finally, the proper 
translational velocity and angular velocity are selected. 
The desired direction of the robot is within the “Selected 
Valley”. By comparing the goal pose and current pose of 
the robot, the angular velocity is chosen. The translational 
velocity is proportional to the distance from the obstacle 
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(a) no force

(b) from left to right direction force

on the left forearm

(c) from right to left direction force

on the left forearm

(d) from up to down direction force

on the left forearm

(e) from left to right direction force

on the left upper arm

Fig. 7. The experiment of forcing to the robot on left arm by hand

Fig. 8. The CoM and ZMP movement of the robot forced by hand
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2.2 Determining the Range Limits 

The pitch angle has a dynamic variance of 2° when 
robot moves flat road surfaces with no obstacles or debris. 
As shown in the Figure 2, we can compute the expected 
range of position of road surface data in robot coordinate. 
Therefore, after receiving the pitch angle from the gyro 
sensor we determine the range limits of the y and z axes by 
considering the dynamic variance. 

Fig. 2. Changing of expected position range of road 
surface data in the robot coordinate. 

2.3 Determining the Road Surfaces 

The data on road surfaces are expected to be positioned 
comparatively parallel to the Xr axis of the robot. If the 
slope of consecutive data points is under 0.5, the 
underlying surface is considered to be a road surface. Then, 
we find the closest data-points from the field dataset and 
determine the underlying aspect as a road feature. 
Road-feature data yields information on the range and 
height of the road. Using this information, we can 
distinguish road surfaces and obstacles. 

2.4 Detect obstacles 

In the previous step, we determined the standard data. 
This data obtain the information of the range and the 
height the road. Firstly, data within that range are 
considered as obstacles because the obstacles on the road 
have a shorter range than the road. However, detected 
range of road surfaces is about 4m. If we use this one 
concept, we can only detect the obstacles within 4m. So 
we derive second method. As we know the height value of 
the road surfaces we can define the non-passage area by 
the elevation from the road height. Then, we can also deal 
with the obstacles over 4m range. 

2.4 Simulation of Road Detection Algorithm 

The experiment is carried out about recognition of the 
environment using proposed road detection algorithm. 
Simulation result is presented. Experimental environment 
is that the robot is on the upward side of the speed hump. 
In that situation the robot is looking up. So range data to 
road surface is longer than range data is detected when 
robot is on the float road surface. 

Experimental environment is shown in the Figure.3. In 
the Figure.4, the left figure is the position of the robot in 
the environment and the right figure indicates the result of 
the road detection algorithm in the given environment. The 

blue dot means the raw LRF data and the lines are the 
extracted data as a road surfaces. The red circle means the 
detected obstacles. In the Figure.4, robot is on the upward 
side of the speed hump. It is clear that even the robot pose 
is not settled on the flat surface. We can estimate the robot 
pose by the angle and can detect the road information 
properly. We can also detect the obstacles even though the 
robot is looking down the road by elevation information. 

Fig. 3. Experimental environment 
: speed hump, 2 boxes, board, speed hump and other 
obstacles 

Fig. 4. Robot is moving on upward side of speed hump 

3. Motion Control 

To confirm the availability of our algorithm when the 
robot is in motion, we also present the motion control 
scheme using field detection algorithm. The motion 
control is based on the Vector Field Histogram. Basic 
concept is the same. However, the valley selection parts 
are considered by field detection algorithm. 

3.1 Vector Field Histogram 

The original Vector Field Histogram (VFH) algorithm 
is shown in the Figure.5. Firstly, we receive the distance 
information by using a Laser Range Finder (LRF). The 
laser data is expressed by polar histogram and the value is 
large when the robot is near the obstacles. Then, we 
determine the safety distance as a threshold and choose 
those directions in which the distance exceeds the 
threshold. We call these directions “Candidate Valleys” 
(1). Among the candidate valleys one valley is selected 
with the minimum difference to the goal direction and 
called “Selected Valley” (2). Finally, the proper 
translational velocity and angular velocity are selected. 
The desired direction of the robot is within the “Selected 
Valley”. By comparing the goal pose and current pose of 
the robot, the angular velocity is chosen. The translational 
velocity is proportional to the distance from the obstacle 
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