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Abstract—This paper describes an approach of motion
stabilization by using laser distance sensor for biped robots
with flexible ankle joints. For avoiding the vibrated Zero
Moment Point(ZMP) behavior due to the mechanical resonance,
the vibration control method is proposed in the paper. The
deviated center of gravity (COG) due to the ankle’s deflection
is measured in real-time by laser distance sensor, and equivalent
reaction force relating to COG deviation is used as feedback
signal for vibration control. The reaction force feedback also
enables the regulation of the compliant property of the robots.
Therefore the proposed approach is suitable to stabilize the
walking behavior including the impact between foot and floor
environments. The validity is evaluated by several experimental
results.

I. INTRODUCTION

Recently the biped robot technology have been devel-
oped remarkably, and studied from various viewpoints, such
as mechanical design, stability, dynamics, passive walking,
running motion and so on [1]-[6]. The dynamic stability
can be evaluated by zero moment point (ZMP)[1], and
currently ZMP is most appropriate and reliable index for
biped motion stability [6]. In the past research, the linear
inverted pendulum model (LIPM) has been proposed, and
it’s one of practical and powerful approach for generating
stable walking pattern [7]. Generally, biped walking motion
involves heavy interactions between robot and floor environ-
ments, and it is required that the rigid mechanical structure
and flexible one exist together for impact-less stable walking.

However, the mechanical flexibilities make it difficult
to track the desired ZMP trajectory. For example, sole or
link deformation and joint torsion cause complicated ZMP
movements. Therefore such deformations due to the the
mechanical resonance is required to be small as much as
possible under desired ZMP based trajectory. Otherwise it
should be taken into account in the reaction force sensing
strategy such as the detection of center of pressure(COP).

Generally, for obtaining the stable ZMP behavior, the
motion in the acceleration dimension should be considered,
because the ZMP depends on both the gravity and inertial
force/moment. When the walking pattern is generated by
LIPM, the sudden change of forward acceleration at the
center of gravity (COG) is caused especially in the ex-
changing phase of supporting leg. Therefore, both the robust
acceleration controlling and compliant property of contacting
floor should be coped with in the motion controller.
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It is said that the impedance, or compliant control method
is suitable for stabilizing the body[8], [9], [10]. However, in
case of the robots with flexible joints, there is possibility
that the vibrated behavior is occurred due to the natural
mechanical resonance, and it is difficult to suppress such
instability without vibration control. Then, from another view
point, the reaction force received from ground environment
is one of important indexes to stabilize the body. However
the force or pressure sensor at the sole only works well when
contacting flat on the ground.

From above mentioned view points, the authors have de-
veloped the walking motion controller by using laser distance
sensor in past research[11], [12]. This paper focuses on the
vibration control based on the laser-sensor without force
sensor. In our approach, the deviated COG due to the ankle’s
deflection is directly measured in real-time by laser distance
sensor, and the detected deflection is translated into the
equivalent reaction force at COG. The feedback of reaction
force in the same way of resonance ratio control[13], [14]
is applied into the COG acceleration controller for vibration
suppression. Since the deflection is directly used and fed-
back, the compliant property against the external force such
as impact force from ground can be also regulated in the
proposed controller. Furthermore its control performance
does not so much depend on the foot condition of floor
contact because of using optical sensing. Although the inertia
sensor such as acceleration or gyro sensor, which can detect
the absolute motion, may be available for same purpose, our
approach based on laser distance sensor has an advantage that
the precise deviation of COG due to the ankle joint flexibility
is easily detectable under horizontal and even terrain floor.

The remainder of this paper is organized as follows. In
Section II, the targeting robot model and the strategy based
on laser sensor are presented. In Section III, the robust
motion controller is designed by using disturbance observer
technique, and the vibration suppression by resonance ratio
controller is described in Section IV. The numerical sim-
ulations and experimental results are shown in Section V.
Conclusions and future work are described in Section VI.

II. LASER-SENSOR BASED SENSING STRATEGY

The targeting biped robot has 12 DOF, each leg has 6 DOF
as shown in Fig.1. For calculating COG, all links are assumed
to be rigid, and mass model is given by Fig.1(b). The floor
environment is assumed to be flat and horizontal. In this
paper, the mechanical flexibilities exist in the ankle joints as
shown in Fig.2(b). The supporting frame parts of ankle joint
and foot parts connecting to the ankle don’t have enough
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stiffness. Therefore the deformation around ankle is naturally
raised up in sagittal plane while walking. The deflection due
to its flexibilities are detected by two laser distance sensor
mounted on the hip plate as shown in Fig.2(a).

The actual angle of hip plate can be easily obtained from

sensor outputs.
d —d,
Ohip = tan™! (IT) (1)

where d; and d, are laser beam length of left and right
sensor respectively, and L is the interval of two sensors. The
vertical distance d,,;; from sensor to floor around hip center
can be obtained by using the mean value of sensor outputs.

d cos Oy, 2

The deflected angle Aguie around ankle is calculated in the
following equation.

d
i — 42, )

A('Iankle = tan i

Here di?i means theoretical distance which is calculated
from encoder signal with assuming all links and joints are
rigid. And / is the gap length between ankle and sensor
as shown in Fig.2(b), which can be also calculated from
kinematic model.

The angle Agu1. can be approximately translated into the
deviation of COG position with assuming the body is always
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near to upright.

Ze(dmia — )
/

Axg = zg tanAqanire = 4)
Here COG position vector is defined as pg = [xg,Ve,Zg)" -
The coordinate system in case support leg is right is shown in
Fig.1. Actually, the foot is contacting to ground through four
rubber bushes per foot attached on the sole, and then their
minute vertical deformations are affected into getting the
deviation Ax,. Therefore, in our experiments, the deviation
is calibrated with considering of the load distribution to the
bushes. One more sensor will be meaningful for detecting
the vertical deformation in future enhancements.

Figure 3 shows an example response of COG position
under robust controlling stationary (the posture is as shown
in Fig.2(a) and Fig.10(b), z; = 0.56m). When pushing to
backward direction and released after 0.5 sec, the measured
deviation Ax, by (4) is plotted in Fig.3. It is found that
the ankle stiffness is not enough and it cause the shaking
behavior due to the mechanical resonance. Therefor, the
COG model in our approach is regarded as two mass spring
system as shown in Fig.4. By using the natural response
(Fig.3), the damping coefficients D, and stiffness K, were
identified in case of actual Mass M, = 30Kg as followings.

M, =30Kg
Dy =~ 30Ns/m 5)
K, ~1200N/m

III. ROBUST MOTION CONTROLLER

In order to control both COG and swing foot motion
independently, motion controller of a biped robot with 12
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DOF includes two components: swing leg controller and
COG ones.

The COG p, and swing foot position p, are defined as
[xg,ve,zg]T and [x7,y7,z7]T respectively. The angles of hip
and foot in Cartesian coordinates are controlled by using
null space of Jacobian matrix. The position vectors ps and
Pg are obtained by calculating homogeneous transformation
matrices.

pr = Tylq) (6)
n n
Pz = q) =Y. mpil Y, m; (7
i=1 i=1
Here the angle position vector ¢ = [¢1,92,---,q12]7, and p;

is i-th mass position vector, # is total number of mass points.
The velocity of foot position and COG can be represented
as following formulations.

pr = Jr(9)q (®)
P = Jo(9)q )

The matrix Jr€ R3*12 and Jo€ R3*12 mean the Jacobian
matrix as follows:

Jr(q) =l j2--Ji--ji2 (10)
where j; = —e; x (py—ri).
Jg(q) = [igl jg2 o 'jgi o 'jg12] (11)
where
Jg = —eiX(Xg— ka/Zm, (12)
Xgi = Ymipi/ Zmi (13)
i=1

Here r; is i-th joint position vector, and e; is unit vector
of rotational axis of i-th joint. And Y m; and x,; mean the
sum of mass and COG in the flying foot side than i-th joint
respectively.

The accelerations of swing foot and COG are obtained by
time derivative of (8) and (9).

Jr(@)g+Jr(q)q (14)
Jo(@)iq+Jo(9)q (15)

Finally the joint acceleration can be calculated from fol-
lowing equations.

by =
ﬁg =

q =
q =

I br—Jdrq) + (16)
J;(ﬁg_JgQ)+ (17)

In angular acceleration control, the disturbance observer is
applied for each joint in order to realize desired acceleration
[14]. Additionally the workspace observer, which compen-
sates the disturbance acceleration in workspace, is also
integrated into foot and COG motion controller respectively
to increase the robustness and decrease the computing costs
of nonlinear coordinate transformations[15], [16]. The block
diagram of workspace observer is shown in dashed box in
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Fig. 5. Block Diagram of Proposed Controller

Fig.5. Then the final calculations of angular accelerations are
unified in (18).

q:Jf (Pref

/" and j}ge

RS AR )

where p’;’ f are reference inputs for foot and

COG motion respectively, and pfs and p are estimated
disturbances by workspace observers. In (18), J* means
the weighted pseudo inverse matrix W—'JT (JW=1J7)~! in
which W is weighting matrix. The last term of right hand
side means null space factor, and ¢ are arbitrary vector for
using redundant degrees.

(i)' — Kzull(qcmd _ q) _K;mllq (19)

where K;’”” and K™/ are position and velocity feedback
gains in null space motion. Equation (19) means posture
constraints so that hip plate becomes parallel to both of
supporting foot sole and swing foot one. When supporting
leg is right, posture constraint command ¢ is given by
(20) in our approach.

cmd [0

q = y =46, =44 — 45, — —5 —

—4q12, —5 —s 4pitch» qroll]T (20)

Gyaw,

Here the angles gyaw, g pitch» Gronr are calculated value to be
parallel with both supporting foot sole and swing foot one.
And ’—’ means no constraint joint.

IV. VIBRATION CONTROL FOR STABILIZATION
A. Equivalent Reaction Force Feedback

For stable sagittal motion response without mechanical
resonance, the reaction force feedback, which is same ap-
proach of resonance ratio control proposed by [13][14], is
integrated into COG controller.

In two mass model shown in Fig.4, the load side reaction
force Feqc can be calculated from the deviation Ax, obtained
in (4).

Freae = [~KgAxg, 0, 0] 21)

The force Fje4e is fed-back with scalar gain K, in the
motion controller.

B = B Ko (0" — o) + Ky (7" — o)
K, Freae 22)
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The acceleration reference of swing foot is simply given as
next equation.

By =5 A K —p) K 57— y)

Here Ky, and K, are position feedback gains, and K, and
K,, are.velocity gai.ns. The motion command.s pj-’”d and pg,md
are designed by using LIPM model as described subsection

IV-C. The total block diagram is shown in Fig.5.

(23)

B. Control Parameter Design by Resonance Ratio Control

Assuming the ideal acceleration control by workspace
observer, the equivalent block diagram from COG command
to response in x-axis direction can be drawn by Fig.6.
The transfer function from xg,’”d to xg can be obtained as
followings in case of Dy = 0 for simplicity.

Xg 2 (s> + kgvs + kqp)
emd A 3 2\ 2 2 5 (24)
xg 5%+ kgys® + (kgp + 02)5% + kg 25 + kg p @2
where
0 = \/Ke/My (25)
K
Op = — (14+K:Mg) =Ko, (26)
M,
K = J1+KM, 27)

Here @, and ®,, are the natural frequency of the load side
and motor side respectively. K is called resonance ratio in
[13][14].

Next step, the denominator of (24) is determined for
matching the motion performance described in (28).

D(s) = (s> + 28 015 + 0F) (s> + 25055 + 0F) (28)

In order to suppress the vibration, §; = {; = 1.0 for critical
damping and ®; = @, = w, for rapid response are selected
here. Then, the control parameters kg, kg, and K, for COG
controller in x-axis direction can be determined as followings
by using the mechanical parameters (5).

kgp = a)g ~ 40
key = 40, ~25 (29)
K= 4/My~0.13

C. Design of Walking Pattern by LIPM

The COG model for LIPM is illustrated as shown in
Fig.7. Then the ZMP (x-axis direction) can be formulated
as following equation.

Zg

Xomp = Xg — E)'c'g (30)
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Fig. 8. Designed Walking Pattern for Experiments

Here the constant g is gravity acceleration. The general
solution for keeping the constant ZMP x.,, = 0 can be
obtained as next formulation.

Xg(t) = xg_(f)()) sinh@t + x4 (0)coshe? 31
where x¢(0) and X, (0) are desired initial position and velocity
of COG, and ®w = /g/zg. The COG trajectory in the
swing phase is designed by using (31), and the trajectory
in double support phase is generated by using the fifth order
polynominal so as to satisfy the boundary condition between
both phase. The foot and lateral motion are also designed
by using fifth/eighth order polynominal and cosh functions
respectively. The designed trajectory of COG and swing foot
are plotted in Fig.8. The walking time cycle for one step is
1.2s (1st step is 2.0s) including the single support period 0.8s
and double support period 0.4s. And step length is 0.25m (1st
step is 0.125m), and peak height of flying foot for each step
is 0.045m.
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TABLE 1
CONTROL PARAMETERS FOR EXPERIMENT
| [ Robust Control |

Proposed Control |

K, 0.0 | 0.13
K, diag{2500,2500,2500]
K, diag{100,100,100}
Ky diag{2500,2500,2500] | _ diag{40,2500,2500]
K, diag{100,100,100} diag{25,100,100}
Observer Gain 8¢=100rad /s
K;“U diag{400,1600,2500,0,0,0, 400,400,0,0,1600,4900}

in case support leg is right.
diag{40,80,100,0,0,0, 60,60,0,0,100,140}
in case support leg is right.
W diag{10,10,1,1,1,10,1,1,1,1,1,20}
in case support leg is right.

K‘rlzul T

V. NUMERICAL AND EXPERIMENTAL RESULTS
A. Simulation

The performance of vibration suppression is evaluated by
numerical simulation of the block diagram in Fig.6. When the
trajectory xg,md given by Fig.8(a) is used as input of Fig.6,
the response x, was calculated by MATLAB. The related
control gains are listed in Table.I.

Fig.9 shows the COG and ZMP response. Although the
some phase delay is appeared, the response is well tracked
to the commanded waveform without oscillation. Then it is
found that the ZMP behavior becomes the step-like response
as shown in Fig.9(b).

B. Experimental Results

The validity of the proposed approach is confirmed by
experimental results. Fig.10(a) shows a 12DOF biped robot
for experiment. When standing upright, the hip height is
0.895m, and two laser distance sensors (Keyence LK-500)
are mounted at hip plate ( see Fig.10(b) ) with L = 0.41m

-

] .
(a) Biped robot

(b)Laser sensor

Fig. 10. 12 DOF Biped Robot
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Fig. 11. Experimental Setup

interval and 0.69m height from floor to laser beam source.
The detectable range by laser sensor is from 0.25m to 0.75m
with 50um resolution(Catalog Spec.). The total weight of
the robot is approximately 35kg. Each joint is actuated
by harmonic geared DC motor. The current commands for
DC motors are supplied to motor drivers from external PC
controller (OS: RTLinux). Experimental setup is shown in
Fig.11. Control sampling time is 1ms.

Fig.12 shows the natural response against the external
force. When pushing the robot manually and released in x-
axis direction under controlling stationary (single leg sup-
porting), the absolute COG position x, + Ax, is plotted. In
our approach, the remarkable effect of vibration suppression
was successfully demonstrated. This results also mean that
the stable and compliant property against the external distur-
bance can be achieved simultaneously.

Fig.13 shows the COG response while walking motion,
which walking pattern is given by Fig.8. The plotted value
is calculated from the sum of x; and Ax,. Under robust
control, the resonant oscillation is gradually raised up. On
the contrary, the COG response under proposed controller
keep stable. In Fig.14, the estimated ZMP behavior is plotted.
After two times differentiating the values plotted in Fig.13,
the ZMP is estimated numerically by using (30). It is found
that the vibrated behavior is smaller than robust control.
However, since small discontinuous change is caused at
switching coordinate system when exchanging the support
leg, the estimated ZMP appeared large unreliable fluctu-
ations. Therefore ZMP should be evaluated by force or
pressure sensor in future work.

However, there are some weaknesses in our approach.
Under uneven terrain surface, the detection of the joint

4873



0.12

E 0.1 — Robust Control
‘: Proposed Control —— Proposed Control|
:§ 0.08 o
3 !
6] L
2 006
o
2
_‘5 0.04
o
S \ Robust Control
< 0.02
0 ‘ ‘ ‘ ‘
0 1 2 3 4 5
Time [sec]
Fig. 12. Experimental Results of COG Vibration against External Force
0.8
07 Robust Control Only Ip_j““
_ 06 ; 7 A
g 0.5 \\
g ,ﬁ‘pd Proposed Control
204
2 P
g f‘f ------ xemd_cog[0]
0.2 fp-" Robust ]
0.1 Proposed ||
—
0
0 1 2 3 4 5 6 7 8
time (sec)
Fig. 13. Experimental Results of COG Response while Walking

ankle deformation may be difficult problem. The multi-
sensor fusion should be considered for improving the adapt-
ability under various floor environments. Furthermore, for
fast walking motion, some additional enhancements will
be required for stabilizing the ZMP behavior. Because the
control performance depends on the resonant frequency due
to the flexible joints, and it is difficult to track the desired
COG trajectory under rapid walking. In such case, the
momentum around COG may be also taken into account.

VI. CONCLUSIONS

The paper presented an approach of motion stabiliza-
tion by using the laser distance sensor for biped robots
with flexible ankle joints. The remarkable performance of
vibration suppression was obtained in the simulation and
experimental evaluations. The optical sensing approach may
have the advantage in case of imperfect contact between the
sole and floor. Furthermore, the feedback of the reaction
force can be related to the compliance regulation against the
external force. In our future work, the adaptive regulation
of the feedback gain of the equivalent reaction force will be
discussed for controlling both the vibration and compliance
according to walking condition.

However, we have also several issues to be developed.
For example, the control parameters designed by resonance
ratio control does not contribute for making ZMP inside of
stable foot print area. The additional posture regulator may
be required. From the practical view point, the lateral motion
and rough terrain issue should be considered in future study.
Furthermore it is meaningful that the presented approach is
combined with the actual sensing of the reaction force by
force or pressure sensors.
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