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Abstract: This paper describes the dynamics identification of the foot viscoelasticity of humanoid robots. It
is important to know correctly dynamics parameters of link and joint which constitute a robot for its simu-
lation and model based control. When walking, humanoids receive impulsive force at each step. Some hu-
manoids have shock absorber and rubber bush in their soles. In simulation, accuracy of inertial parameters
and viscoelastic parameters that compose robot model is important to simulate their motion accurately. We
identify the viscoelastic parameters of HRP-2 using the base-link dynamics and viscoelastic joint dynam-
ics. We modeled the humanoid robot HRP-2 sole rubber bush with a simple structure and identify the vis-
coelastic parameters with parallel model that is composed of elasticity and viscosity and offset torque. We
finally validate the identified parameters with some additional motions.

1. INTRODUCTION

It is important to know correctly the robot’s parameters for its
control. For example, computed torque method (Siciliano,
Khatib, 2008) is usually used to control a robot and this
method requires a precise dynamic model of the robot. How-
ever dynamic modeling of the robot using CAD data usually
includes undesirable error as it often does not take into ac-
count the wiring. Then, it is required to identify these param-
eters with robot motion. The classic identification of the iner-
tial parameters of robots uses the joint torques, or their esti-
mation. However this method is affected by factors such as
joint friction, elasticity and viscosity disturbance. Therefore,
the base—link identification method presented in (Ayusawa et
al., 2008) which does not require the torque measurements is
useful to identify the dynamics of complex systems, in par-
ticular humanoid robots (Iwasaki et al., 2012).

eled HRP-2 sole rubber bush viscoelasticity and identified its
viscoelastic parameters using motion data generated for this
purpose. We finally validate the identified parameters with
several additional motions.

2. IDENTIFICATION OF THE ROBOT JOINT VISCO-
ELASTICITY

The equation of motion of a moving robot is composed of the
matrix of link mass, the tensor of inertia, the center of mass,
the joint angles, velocity and acceleration of the kinematic
chain and the acceleration of the root link (Yoshida, et al.,
1995). From the robot equation of motion, the identification
model can be written as eq.1. Here we propose to decompose
the vector of parameters to identify into the inertial parame-
ters contribution ¢r and the joint contribution ¢, compared to
the identification model introduced in classic literature (Ka-
wasaki, et al., 1991, Ayusawa et al., 2008, Siciliano, Khatib,

In a two—legged robot, since the sole parts are the main junc- 2008).

tion points with the environment, they play an important role N

when operating the robot. When walking, humanoids receive Ygr 0 | ¢ |0 4 Z( Kk (1)

impulsive force at each step. To avoid undesirable dynamics Yiu Yulé, Tz oL Kk k

effects, shock absorbers and rubber bushes, that create a B

complex structure, are used in their soles. This structure must  where:

be simulated in the robot dynamic simulator to achieve realis-

tic simulations and model based control. The accuracy of - Number of links.

inertial parameter§ and the viscoelastic paramgters specific to N, :  Number of inertial parameters of the robot.

the robot are crucial to simulate the robot motions accurately.

In this research, after identifying the inertial parameters (Iwa- N © Number of joint parameters of the robot.

saki et al., 2012), we now identify the viscoelastic properties

of the sole rubber bush of the humanoid robot HRP—2. Yp, :  Observation matrices of the robot motion. These
Yy, matrices are function of joint angle, velocity and

In this paper, we propose and apply a method to identify the ), acceleration and reflect inertial parameters such as

joint viscoelastic parameters of legged systems using the mass, tensor of inertia and center of mass to base—

base—link dynamics and viscoelastic joint dynamics of the link forces and torques. Ya/is a 6 x Nrmatrix. This

foot without using dedicated displacement sensors. We mod- matrix translates inertial parameters to base-link
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generalized forces. Yiris a n x Nimatrix. This ma-
trix translates inertial parameters to joint torques.
Y is a n x Nsmatrix. This matrix translates joint
parameters to joint torques and changes with the
viscoelasticity models of a joint.

& *All inertial parameters of the robot. This vector
contains all link mass, tensor of inertia and center
of mass as follows:

o1 =l 0,1

¢ [m msy msytmsztlxxz[yytlzztlxyz[yzt[zxz

m; [kg] is the mass of link i.

] where:

ms yi, MS i, MS 7; [kg m] are the components of the

inertia tensor.

& * All joint parameters of the robot. This vector con-
tains the elastic coefficients, the coefficients of
viscosity and the coefficients of friction if they
exist. This vector changes with the viscoelasticity
models used to model the joint.

T * Joint torque vector (internal and actuation torque).
Tisan x I vector.

Nc ¢ Number of contact point of the robot with the envi-
ronment.

KB,
K

Transfer matrices of contact force to forces and
torques. Kakis a 6 x 6 matrix. This matrix translates
the contact forces and the torques to forces applied
to the base-link. Kuis a n x 6 matrix. This matrix

translates contact forces and contact torques to
torques applied to each links.

Fi *  Contact force and torque of the robot with the envi-
ronment. Fkis a 6 x [ vector.

Eq. 1 is the full motion equation of the robot; it includes iner-
tial parameters that have no direct effect on the motion (Gau-
tier, 1990, Gautier, et al., 1991, Kawasaki, et al., 1991). As it
is preferable to have a minimal set of inertial parameters for
identification, we can solve eq. 2 to obtain the inertial param-
eters ¢grthrough the minimal identification model and then eq.
3 using the results of eq. 2 to find the joint viscoelastic prop-

erties ¢@.

NC
& ZYZ;IZKBka @

k=1
where:

“+” expresses the Moore-Penrose pseudo-inverse matrix.

(T+ZKF ~-Y,4,) )

The joint torque t is used for calculation in eq. 3. If this is a
joint equipped with an actuator, torque is needed for calcula-

tion, yet when the joint is constituted by only passive ele-
ments, such as a damper, the measurement of joint torque is
unnecessary as the actuated torque is 0. The definition of the
regressor matrix Y changes with the modeling of the passive
joints. Therefore, the joint parameters and regressor matrix
which are defined by the spring—damper—offset terms are
shown in the eq. 4-5. Here, the offset term is an element for
absorbing the influence of the zero point of the force sensor
and the influence of the zero point of the joint angle. On
measurement, this is required and does not influence the joint
characteristics. K is the elastic term of a spring. C is the vis-
cous term of a damper. O is the offset term. Here the regres-
sor matrix varies with ¢, the joint angle, ¢, the joint angular

velocity and / is the vector in which each element is the nu-
merical value 1.

K
$,=|C “)
o

Yy=lg ¢ 1] (%)

where: ¢ is a 3 x I vector. Yw is, after sampling along a
movement, a number of samples x 3.

3. IDENTIFICATION OF THE ROBOT’S FOOT VISCOE-
LASTICITY

3.1 Modelling of the rubber bush

We used the humanoid robot HRP-2 for our experiments.
The foot structure of HRP-2 is complex and consists in a
combination of a rubber sole and bushes under the force sen-
sor (Fig. 1) (Isozumi et al., 2004). This sole rubber bush is
the target of the identification. We modeled the rubber bush
for viscoelastic identification of the rubber bush as described
in section II eq.4 and eq. 5. In this paper, the model of the
rubber bush has a series structure that consists of Z—axis
translational joint, pitch and roll (David et al., 2008, Nakaoka
et al., 2007). It should be noted that each link is modeled as a
virtual link that has no inertia.

3.2 Estimation of the displacement of the rubber bush

We must estimate the rubber bush displacement for identifi-
cation of the rubber bush viscoelasticity. The rubber bush of
HRP-2 is constituted of a passive rubber bush and the
equipment which carries out direct measurement of the dis-
placement is not installed. Therefore, it is necessary to meas-
ure indirectly the displacement of the 3 DOF using other
measuring devices. In this paper, the rubber bush displace-
ment is estimated using the kinematics of the robot, the joint
encoders and the IMU which is installed in the chest. The
mimetic diagram for rubber bush displacement estimation is
shown in Fig. 2.

Here, HRP-2 has either one foot grounded to the floor, thus a
simple tree kinematic structure is used; or both feet grounded
to the floor, then a parallel kinematic structure is used. As
long as the feet are grounded without slipping on the floor,
this structure does not change. Here, the rubber bush dis-
placement is estimated using this grounding condition (at
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Fig. 1. Leg rubber bush design of the HRP-2(Isozumi et al., 2004)

Fig. 2. Identification model of the HRP-2

least one foot in contact with ground). The roll angle and
pitch angle of the rubber bush can thus be estimated. Howev-
er, since the direct measurement of the chest position cannot
be carried out, the Z—axis displacement estimation of the rub-
ber bush cannot be obtained only with the kinematics chain.
Therefore, in this paper, the vertical component is removed
from our model. Additional sensors are needed to estimate
the Z—axis displacement, such as accelerometers. The model
of the viscoelasticity is used in order to perform viscoelastici-
ty identification. As mentioned above, the identification type
used for joint viscoelasticity is shown in eq. 6 since the elas-
tic DOFs are passive.

¢J :YI/Faxt (6)

The contribution of the inertial parameter is omitted in eq. 6.
This is because the force sensor is installed on top of the rub-
ber bush and HRP-2 can include the contribution of the iner-
tial parameters in the force measurement directly. Moreover,
Fex is the value acquired from the 6—axes force sensor, and
we use only the data row of the roll axis and pitch—axis
torque here.

3.3 Motion generation

The results of the identification depend highly on the motions
used to solve eq. 6 (Gautier and Khalil, 1992, Swevers et al.,
1997). Thus, motions that provide sufficient excitation of the
DOFs considered must be generated. Moreover, in order to
use the viscoelasticity identification technique proposed in
this paper, as mentioned above, the contact state of the robot
and the floor needs to be kept constant during the whole dura-
tion of a single motion. Yet, several motions with different
contact conditions can be used to solve eq. 6, by concatenat-
ing them. The expression for the joint parameter has the line-
ar nature from eq. 6. Thus, motions are summarized in one
expression like eq. 7.

Ymotian +
1

¢, = : : ™

motion motion
Ym K m

motion
B

where:

m is a motion number. ¥/"°"°" is a regressor matrix in motion

of number i. F/"°"*" is the value acquired from the force sen-
sor in motion of number i.

Therefore, motions which maintain a contact state and induce
a sufficient rubber bush angle and velocity are required for
identification. In this aim we generated several types of mo-
tions. The motions are first generated using the HRP-2 simu-
lator. The maintaining of the balance during the whole mo-
tion is verified before being generated on the robot and then
the motion are played on the actual robot.

3.3.1 Tilting motions (6 motions)

First, tilting motions were generated. Six motions were creat-
ed from Tiltl to Tilt6 where the two feet are always in con-
tact with the ground. Tiltl to Tilt3 motions feature only hori-
zontal displacement of the chest around an arbitrary original
state using a periodic sway. The horizontal displacement am-
plitude is about 0.02 m and the period is 0.1 Hz. The robot
moves twice forward and backward, and it moves twice to the
right and to the left. Moreover, 3 other tilting motions are
generated. Tilt4 to Tilt6 motions, feature the same horizontal
displacement as Tiltl to Tilt3, and an additional vertical mo-
tion of the chest about 0.07 m and period 0.1 Hz simultane-
ously. In order to generate different types of foot rubber bush
deformations, three initial states were set up: the two feet are
in contact with the ground, regular standing (A), stepped to-
ward the right leg 0.05 m on right-hand side (B), stepped
forward of the right leg 0.1 m (C) (Fig. 3). To summarize the
tilting motions generated are as follows:

® Tiltl is an horizontal sway of the chest at initial state (A).
® Tilt2 is an horizontal sway of the chest at initial state (B).
® Tilt3 is an horizontal sway of the chest at initial state (C).

® Tilt4 is an horizontal and vertical sway of the chest at ini-
tial state (A).

® Tilt5 is an horizontal and vertical sway of the chest at ini-
tial state (B).

® Tilt6 is an horizontal and vertical sway of the chest at ini-
tial state (C).

Examples of the ZMP locus are shown in Fig. 4 for motions
Tiltl and Tilt3. It shows that the balance is kept during the
whole motion: the ZMP is near the center of the support pol-
ygon in each motion.

3.3.2 Manual sway (5 motions)

Finally, to obtain a maximal displacement and velocity of the
foot rubber bushs that would maximize excitation, manual
sways of the robot are generated. Left/right manual sway and
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(A) Normal
Fig. 3. The three initial states of Tilt motions

(B) Half right step
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(a) Tilt1 (b) Tilt3

Fig. 4. ZMP trajectories of Tiltl (initial state (A)) and Tilt3 (initial state
(C)) motions (Black: trace of the feet; Blue: support polygon; Red:
the trajectory of the ZMP during the movement)

forward/backward manual sways are created from 2 initial
states of the arms and 3 initial states of the legs (Fig. 5).

® Manual right roll raises a left leg at initial states (D & G).
® Manual right pitch raises a left leg at initial state (E & G).
® Manual left roll raises a left leg at initial state (D & F).

® Manual left pitch raises a left leg at initial state (E & F)

® Manual both pitch is initial state (E & A).

In the above-mentioned state, an operator had a robot arm
and swayed all around. The initial states are shown in Fig. 5.
The ZMP locus in two case is shown in Fig. 6.

3.3.3 Random motion (2 motions)

In addition, in order to verify the identification results, verifi-
cation motions for cross validation called Myrand were gen-
erated. Two motions, Myrand4 and Myrand5, were created.
These motions consist in a sweep wave input into each joint
of the upper limbs. By shaking especially the arms part with
sinusoidal movements, it is expected that the resulting rubber
bush displacement will become random. The motions are
generated again using the HRP—2 simulator first to set joint
angles, velocities and accelerations that allow an admissible
joint torque.

4. EXPERIMENTAL IDENTIFICATION RESULT

For each of the above described motion, the rubber bush de-
formation is estimated in term of roll angle and pitch angle.
The results are shown in Fig. 7 and Fig. 8 for motion Tilt3
and motion Manual left roll respectively. From these results,
the rotation of the foot around the pitch and roll axes is veri-
fied. Moreover, sufficient displacement can be obtained for
optimal excitation. From the eleven motions generated for
identification we select a combination that provides sufficient
excitation to identify each foot viscoelastic parameters: we
composed Manual right roll and Manual right pitch and
Manual left roll and Manual left pitch with Tilt3. And we
identified the dynamics using composed motion. The ob-
tained identification results are summarized in table 1. The

S
s

\|

(D) Raise horizontally (E) Raise (F) Raise (G) Raise
for roll motions ahead for right leg left leg
pitch mo-
tions
Fig. 5. Initial states of Manual sway motions
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(a) Manual_right pitch (b) Manual_left roll

Fig. 6. ZMP trajectories of Manual right pitch and Manual left roll
motions (Black: trace of the feet; Blue: support polygon; Red: the tra-
jectory of the ZMP during the movement)

numerical value in the parenthesis following the parameter
value gives the relative standard deviation (account of a per-
centage) of each identified parameter. Since the identification
result of the viscoelasticity and an offset term have small
values of relative standard deviation, we can conclude that
the parameters are identified with sufficient accuracy. The
direct validation presented in Fig. 9 confirms this conclusion.
The sensor values of left ankle are nearly zero between 50s to
170s. And also the sensor values of right ankle are nearly
zero between 170s to 350s. This is because there is no input
to the sensor for the one leg stand. In addition, we show a
mean error in Fig. 9 in table2. It is thought that it is enough
because the mean error is around 15% of the maximum.

Table 1. Identified parameters with Composed motion

Axis | K (Nm/rad) | C (Nms/rad) O (Nm)
Rieht | Pitch | 434 (0.2%) | 15.89 (4.2%) | 4.79 (0.6%)
ankle "Roll [ 323 (0.3%) | 17.53 (2.8%) | -0.05 (38.6%)
Loft | Pitch | 480 (0.3%) | 2427 (2.4%) | 5.6 (0.6%)
ankle | poii | 352(0.3%) | 28.15(1.6%) | -4.12 (0.6%)

Table 2. Mean of error between direct validation and sensor

Axis Leg Error Max ]%ﬁgfegg;(csa\iv&éh

Pitch Right | 6.54 [Nm] | 70.1 [Nm] 9.3 [%]
Left | 7.54[Nm] | 60.7 [Nm] 12.4 [%]

Roll Right | 3.78 [Nm] | 20.9 [Nm] 18.1 [%]
Left | 4.85[Nm] | 26.7 [Nm] 18.2 [%]

4.1 Cross validation

Let us now consider the validity of the parameters when it
comes to reconstruct the joint torque for a motion that has not
been used for identification. This is called cross validation.
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Fig. 7. Estimation results of rubber bush angles for Tilt3 (Red: right leg,

Blue: left leg)
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Fig. 8. Estimation results of rubber bush angles for Manual left roll (Red:
right leg, Blue: left leg)

We reconstruct the torque produced at each axis (roll and
pitch) of each foot for the motion Tiltl, Squat, Myrand4 and
Manual both pitch from the result of the identification. Fig.
10-13 show the reconstructed torque. In addition, we give the
mean error corresponding to Fig. 10—13 in table3.

Table 3. Mean of error between cross validation and sensor

Axis | Leg | Tiltl | Squat | Myrand4 b%/[t%ﬂl)?tlal
: 079 | 038 2.16 1.99
Right | (Nm] | [Nm] | [Nm] [Nm]
Pitch 049 | 0.78 0.83 133
Left | [Nm] | [Nm] | [Nm] [Nm]
- 095 | 0.65 1.08 135
Right | (Nm] | [Nm] | [Nm] [Nm]
Roll
Lot | 247 | 239 1.10 2.03
[Nm] | [Nm] | [Nm] [Nm]

Although the measured torque and the reconstructed torques
are generally in agreement for the pitch—axis, around the roll
axis, a larger error can be seen. Two reasons can explain this
larger error: firstly the smallness of the roll angle that still
makes it difficult to fully identify the parameters. Secondly
due to the existence of changes of adherence and of contact
position due to undesirable sliding. The friction condition

Rol-Right[Nm]

ER i
Z 50 ”"‘ e
3 20 ot WWM i
I -10pet — WUM sl B
£ 40t ' '
0 50 100 150 200 250 300
Time [sec]
e 30 F
Z 10
E 10 BAAA
= -30 1
£ 50t :
0 50 100 150 200 250 300
Time [sec]
Fi

thus changes and may impact the foot viscoelasticity identifi-
cation and behavior. This is a nonlinear factor generally
called hysteresis. The change state in hysteresis is considered
in the joint angle or the joint angular velocity as a threshold
value. However, it is difficult to determine these changes in
contact condition with the sensors available.

5. CONCLUSION

In this paper, we proposed a new method to identify the vis-
coelastic parameters of the feet of a humanoid robot. The
method is experimentally tested on the robot HRP-2. 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 and to compute the rubber bushes deformation using
the kinematic chain and the gyro sensor information meas-
ured in the robot’s chest. The experimental results obtained
are then interpreted using the relative standard deviation,
direct and cross validations. The obtained results are particu-
larly satisfying for the parameters around the pitch axis of
each foot. Around the roll axis the accuracy when recon-
structing the joint torque slightly decreases. This can be ex-
plained by the nonlinear behavior of the foot elasticity, the
slight slipping that occurs during the movement, and the
smallness of the roll despite our effort to generate enough roll
angles.

These results now need to be implemented in the robot simu-
lator and verification of the experimental behavior and the
simulation behavior will be conducted.
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