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Abstract— This paper describes the dynamics identification
of humanoid robots. It is important to know correctly dynam-
ics parameters of link and joint which constitute a robot for its
control. Here, we identify the inertial parameters of legged
systems using the base-link dynamics. This method generally
set the base-link at the torso where gyroscope and accelerome-
ter are installed in order to calculate base-link velocity and
acceleration. We propose a technique to identify without using
these sensors. This technique sets the base-link at the sole of
the foot and uses the kinematic constraint of the leg connected
to the ground. Thus the base-link velocity and acceleration are
set to zero. Therefore we can identify without inertial sensor’s
noise. In this paper, we apply this technique to the humanoid
robot HRP-2. First, we calculate the model and then we identi-
fy HRP-2 dynamics parameters with simulation environment.
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I. INTRODUCTION

It is important to know correctly robot’s parameters for its
control. For example, Computed torque method is usually
used to control a robot and this method require robot model
with precision. However modeling of robot with CAD data
usually includes undesirable error such as wiring material.
Then it is required to identify these parameters with robot
motion. The classic identification of the inertial parameters
of robots uses the joint torques, or their estimation [1]. How-
ever this method is affected by factors such as joint friction,
elasticity and viscosity disturbance [2]. Therefore, the base-
link identification method presented in [3], [4], [5], [6], [7]
which does not require the torque measurements is useful to
identify the dynamics of complex systems, in particular hu-
manoid robots. The equation of motion of the robot is com-
posed of the equation of base-link and that of joint links. The
base-link equation does not include the joint torque. In this
method, we can identify the robot’s parameters without using
the joint torque. Theoretically, we can set any link as the
base-link. In general, we choose the link equipped with iner-
tial measurement sensors such as an accelerometer and a
gyro sensor. This method requires joint angles, base-link
position and orientation, as well as their first and second de-
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rivatives. In this case, these values are obtained from the
inertial measurement sensors. However, these values must be
filtered to obtain all the necessary information because it
contains drift and other noise. The property of this filtering,
like cut-off frequency, greatly affects the identification re-
sults. To our knowledge, however, this problem of noise
sensitivity of the base-link method has never been addressed
for humanoid robots that have no fixed base unlike industrial
robot arms [8].

In this paper, in order to avoid unfavorable effects of noise
filtering, we propose a new method that sets the base-link at
the sole of the robot which is connected to ground. Since the
sole is fixed to the ground, its velocity and accelerations
known are equal to 0. This allows us to identify the robot
parameters without using inertial sensors. In this paper, we
apply this method to the humanoid robot HRP-2 in virtual
environment. One of the feet is used as the base-link to iden-
tify the inertial parameters from such motions as walking and
dancing. The identified parameters are then validated by
reconstructing the generalized force of the base-link.

II.  IDENTIFICATION METHOD

The equation of motion of the robot is composed of ma-
trix of link mass, tensor of inertia and center of mass and
joint angles, velocity and acceleration. From the robot mo-
tion equation of the identification model is written as Eq.1

[9]
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where:
n: Number of links.
Np: Number of inertial parameters of robot.
Yz Observation matrix of robot motion. This ma-
Y): trix is composed of joint angle, velocity and

acceleration and transfer inertial parameters
such as mass, tensor of inertia and center of



mass to base-link forces and torques. Yg is a
6 X N, matrix. This matrix translates inertial
parameters to base-link generalized forces.Y; is
an X N, matrix. This matrix translates inertial
parameters to joint torques.

All inertial parameters of the robot. This vector
contains all link mass, tensor of inertia and cen-
ter of mass. This vector denoted as
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where:
m;[kg] is the mass of link i.
MSy; , MSy;, MSy[kg - m] are the first mo-
ment of inertia of link i.

Iyyi Lzzi s Ixyi , Iyzi s L [kg ’ m2]
the tensor of inertial of link 1.

Joint torque vector. T is a n X 1 vector.

1 xxi are

Number of contact point.

Transfer matrix of contact force to forces and
torques. Kgi is a 6 X 6 matrix. This matrix
translates contact forces and torques to force
applied to the base-link. K is a n X 6 matrix.
This matrix translates contact forces and tor-
ques to torques applied to the links.

Contact force of robot and environment. Fj, is a
6 X 1 vector.

Fp :

Eq.1 is the full motion equation of robot but includes in-
ertial parameters that have no direct effect on the motion. As
it is preferable to have a minimal set of inertial parameters
for identification [5], [6], [7], we wrote the identification
model for minimal identification as follows.

N¢
vl =+ 2 [ @
k=1
where:
Ng N is a number of base inertial parameters.
Ysg Observation matrix of robot motion. These ma-
Ys trixes are calculated fromYg and Y; by minimize
method. Ygg is a 6 X N matrix. This matrix
translates base inertial parameters to base-link
forces and torques. Yj is a n X Ng matrix. This
matrix translates base inertial parameters to
joint torques.
¢y : Base inertial parameters of the robot. This vec-

tor contains minimized inertial parameters,
which calculated from ¢. ¢pg is a Ng X 1 ma-
trix.
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Eq.2 consists of the base-link equation and the joint equa-
tion. The upper part of Eq. 2 is the base-link equation that is
calculated by only angle, velocity, acceleration of joint and
contact forces. Thus, humanoid robot’s parameters are iden-
tified with Eq. 3.

NC

Yeppp = Z KgiFi 3)
=1

In addition, Ygg and ¢z depend on the excitation of robot
motion. We use a method of numerical computation to get
the minimal model [10], [11], [12], [13]. This equation has
no joint torques. Therefore, this method is not affected by
joint disturbance factors such as joint friction, elasticity and
viscosity disturbance. In this method, any link can be select-
ed as the base-link. It is usually the link that has inertial
measurement sensors. The observation matrix in Eq. 3 is
calculated from the value that is obtained from these sensors
that are prone to such noises as drift. Consequently, identifi-
cation using inertial measurement sensors is greatly affected
by the accuracy of these sensors. In case of humanoid robots,
such sensors as accelerometer or gyro sensors are generally
fixed at the torso link. In order to eliminate undesirable in-
fluences from the noise of those sensors, we propose a
method that uses one of the soles as the base-link. The ad-
vantage of this choice is that the inertial parameters can be
identified without sensors since the velocity and the acceler-
ation of the base-link is zero. This method can be used only
when the foot is the fully attached to the ground. Therefore,
it is necessary to know the contact state of the robot and
environment to identify the inertial parameters with the pro-
posed method.

III. SIMULATION

A. Identification model

The proposed method is tested on a humanoid robot HRP-
2. This robot has a total of 30 rotational degrees of freedom.
In this simulation, we set the base-link position to the right
sole of HRP-2 that has the contact to floor surface in our
method (We can set it similarly to the left). This configura-
tion is like an identification way for industrial robot [3]. Fig.
1 shows these configurations. We write the identification
model with this configuration.

B. Motion for the identification

We use three types of motion for the identification. One is
walk forward motion (walkl) [14], [15], the second one is
walk sideways (walk2) and the third is dance motion
(dance) [16]. Fig.2 and fig.3 shows the scene of these mo-
tions. The robot’s variables: joint angle, gyro sensor, accel-
eration sensor, force sensor values are sampled every Sms in
the virtual environment. Joint angles and gyro, acceleration



sensor’s values are filtered by butterworth filter. This filter
is configured as low pass filter with 20Hz cut-off frequency.

In this simulation, we use only data when the sole of the
right leg is grounded. In this identification method, we need
to consider the contact state of the robot and the surrounding
environment. Fig.4 shows the value of right ankle force sen-
sor of HRP-2 in motion of walkl. We assume that robot
contact with only one side of sole when vertical contact
force F, is close to its own weight. Then we extract the data
set of the robot state. Fig.5 shows the extracted force F,.

Chest baselink
(usually settled to this position)

Sole of right leg baselink
{In this simulation)

Fig.3 Motion for the identification (dance)

Extract these sections

600 — |—__' e T e e e St T Y
H o U T R o I..HILFIU‘:I":"IL‘_"I
400
£ 200
N
£
0 J

-200
0 500 1000 1500 2000 2500 3000 3500 4000

Sample [-]
Fig.4 Raw value of vertical right ankle force sensor

Joint sections

570

o
RAVAVAVAVAVAVAVAVAY.Y

W A4 A W A4 w W w

Fz[N]

530

0 100 200 300 400 500 600 700 800
Sample [-]

Fig.5 Extracted value of right ankle vertical force sensor
when the right foot is fully grounded.

IV. SIMULATION RESULT
A. Identification and reconstruction of force

We identify the inertial parameters by using the identifi-
cation method described above for each robot motion. We
compare the data obtained from the sensors modeled in the
simulation and the reconstructed force applied to the right
ankle to validate the correctness of the identified parameters.
The reconstructed base-link force is calculated by Eq.4. This
calculation is called direct validation when observation ma-
trix is the same as used for identification.

Fe = Yiadia 4
where:
Yiq : Minimized observation matrix
¢,  ldentified inertial parameters
F..:  Reconstructed base-link force

Fig.6 shows the results of walk 1 motion and Fig.7 shows
the results of walk2. The generalized force was reproduced
from the parameters of the sensor data acquisition and iden-
tification results are almost identical, and that can be identi-
fied well with walkl. On the other hand difference is ob-
served in force in several reconstructions for walk2. This
can be attributed to the slip behavior in the transverse direc-
tion the sole moves laterally and there is a rolling of the foot.
This violates the assumption base-link velocity and accel-
eration is fixed to be 0. Table 1 and 2 shows the mean and
standard deviation of these differences. Table 3 shows the



comparison of identified inertial parameters and reference 10

CAD data of HRP-2 and relative standard deviation of the l
identified parameters with walkl. These parameters are re- = 3
grouped by minimize method[12]. z I
0 J
TABLE L MEAN AND STANDARD DEVIATION OF ERROR ABOUT I 1 v ' I |
5 r r r r
DIRECT VALIDATION OF WALK 0 100 200 300 400 500 600 700 800
Mean of error Standard deviation of error Sample [-]
Fx -1.08 x 1073 3.90 X 1072 60
Fy 1.28 x 1073 6.13 x 1072 ,
Fz 0.00 3.44 x 1072 _ I
Z
Nx 0.00 5.34 X 1072 E /
Ny 0.00 3.22x 1072
Nz —3.50 x 1075 1.90 x 1072
0 100 200 300 400 500 600 700 800
Sample [-]
TABLE IL MEAN AND STANDARD DEVIATION OF ERROR ABOUT 570
DIRECT VALIDATION OF WALK2
Mean of error Standard deviation of error
Fx —8.43x 1073 3.35%x 1071 £ .. R
Fy 1.13 x 1071 7.93 = \ \ /
- w w
Fz 0.00 2.23
530
Nx 0.00 571 0 100 200 300 400 500 600 700 800
Ny 0.00 4.01x 107! Sample [-]
Nz 5.61x 1073 6.24 x 1071 10
- 5
TABLE IIL COMPARISON OF THE IDENTIFIED INERTIAL PARAMETERS E ( r\ r\
WITH WALK 1 =
2, N
— A | Ny
Parameters | CAD data | Identified [ RSD [%)] Notes :
-5 E
M 55.38 55.38 0.07 0 100 200 300 400 500 600 700 800
MX1 -4.48 -3.65 2.15 Right sole Sample [-]
MY1 8.35 7.89 2.80 10
MX2 16.06 16.15 1.12
MY2 6.05 6.23 3.95 el
. z
XZ2 -0.47 -0.76 6.48 Right shank z:
YZ2 -1.35 -2.43 9.00
772 18.80 18.83 1.06
MX3 12.66 11.63 1.61 Right thigh 800
MXI11 0.12 0.66 5.99
MY11 -2.99 -3.52 2.33 Trunk
YZ11 -0.17 0.26 29.29
MX13 0.18 -0.23 9.23 E
MY13 -0.82 -0.59 4.83 E 2
XZ13 -0.03 0.04 29.73 Left thigh
YZ13 -0.06 -0.06 19.80 4
7713 0.33 0.15 1542 0 100 200 300 400 500 600 700 800
Sample [-]
MX18 -0.39 -0.67 2.17
MY18 1.15 0.78 2.69 Left shank
- — - Fig.6 Comparison of sensor values and reconstructed forces.
MX25 0.19 0.36 498 . . . .
Left sole Blue line is value of force sensor. Red line is reconstructed
MY25 0.16 0.03 41.38 . . .
force (Direct validation of walk1).
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Fig.7 Comparison of sensor values and reconstructed forces.
Blue line is value of force sensor. Red line is reconstructed
force (Direct validation of walk2).
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B. Cross validation

We carried out reconstruction of the behavior of another
generalized force using the parameters identified in a certain
behavior, which is called cross validation. Ygp and the gen-
eralized efforts are measured for a different movement than
the one used for identification. Then we reconstruct the gen-
eralized force of dance motion from the result of walkl
identification. Fig.8 shows the reconstructed force of dance.
The generalized force has been reconstructed correctly in
general, although some errors are recognized. Table 4 shows
the mean and standard deviation of differences. We can
therefore conclude confirm that the sole base-link identifica-
tion method is effective to identify the inertial parameters of
humanoid robots.

TABLE IV. MEAN AND STANDARD DEVIATION OF ERROR ABOUT
CROSS VALIDATION OF DANCE
Mean of error Standard deviation of error
Fx 1.46 x 1073 3.22x 107t
Fy 9.50 X 1072 1.38
Fz —7.63%x 1071 7.00 x 1071
Nx 6.41 1.45
Ny -1.74 6.20 x 1071
Nz —4.99 x 1073 3.95x 107!
V. CONCLUSION

In this paper, we proposed a new method to identify the
inertial parameters of humanoid robot. This method is based
on the equation of base-link that allows identification of
robot parameters without measuring joint torque, which
induces disturbances due to friction, elasticity, or viscosity.
The novelty of the proposed method lies in its usage of a
sole of the humanoid as the base-link by taking advantage of
the zero velocity and acceleration while the foot is fixed to
the ground. Using this technique, we can conduct the identi-
fication without effect of the noise of the inertial sensors
such as accelerometers and gyro sensors.

We applied the proposed identification method to simu-
lated motions of the humanoid HRP-2. We first identified
the inertial parameters of the robot from the joint angle,
velocity, acceleration, force sensors values the simulated
robot. The simulated force sensor data are compared to the
generalized force at the base-link reconstructed from the
identified parameters. With two different types of walking,
the reconstructed forces were generally in good accordance
with the sensor data. We also observed that the identifica-
tion is perturbed when the condition of zero velocity and
acceleration of the sole is not satisfied due to slipping. This
issue will be addressed in future work. We also apply this
method to real HRP-2 and test the effectiveness of this
method.
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Fig.8 Comparison of sensor values and reconstructed forces.
Blue line is value of force sensor. Red line is reconstructed
force. Cross validation of dance with parameters identified

from walk1 motion.
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