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Abstract
It is expected that the humanoid robots of the near future will 'live' and work in a common environment with
humans, which imposes the requirement that their operative efficiency ought to be close to that of men.
The main prerequisite to achieve this is to ensure the robot's ability to compensate for the ever-present disturbances. Disturbances may be very different, both in respect of the type and the effect on the locomotion
system. The work considers the different strategies for compensating disturbances, which are occurring
while robot is standing still in upright position. Depending on the direction and intensity of the disturbance
force, there are three characteristic ways by which the humanoid may react. The ways in which such compensation can be efficiently realized are proposed and then verified by simulation.
Key words: Humanoid Robot, Standing Posture, Large Disturbances, Dynamic Balance

1. INTRODUCTION
In view of the fact that future robots will act in the environment of humans such as offices, apartments, hospitals,
etc., “the living and working coexistence” of men and robots is inevitable. The fact that the robots will share the
common space with humans imposes the need to act with
an efficiency that is comparable to that of man. Efficient
actions are inconceivable without an efficient motion.
Bearing in mind that the environment (thresholds, stairs,
etc.) is mainly adjusted to the humans, and it cannot be
expected that it will be essentially modified to suit the robot’s need, the two-legged motion cannot be avoided.
Since the disturbances of some kind are always present
during the gait, the compensation of their effects and
maintenance of dynamic balance (prevention of the fall),
i.e. the realization of a gait that is robust against disturbances, is of crucial importance. Disturbances may be very
different, both in respect of the type and the effect on the
locomotion system. As far as we know, the only proposed
classification[1], based on the intensity of the disturbance
that jeopardize dynamic balance, distinguishes small, medium and large disturbances. Small disturbances [1] are
always present and cannot be avoided. The Zero Moment
Point (ZMP), introduced by Vukobratović [2-4] is an indispensable indicator of dynamic balance. If the ZMP is within the support area, excluding the edges the system will be
dynamically balanced.
In the last decade, there have appeared a great number of papers dealing with the maintenance of biped’s dynamic balance in the presence of disturbances. Park et al.
[5] developed an algorithm to compensate for the ZMP
deviation by adding vertical acceleration of the hip, to deal

with the moments caused by the disturbance. In this, the
correction of the hip movement is a function of the deviation of the ZMP position. Komura et al. [6] used the principle of the difference of inertia to maintain dynamic balance. Based on the difference between the instantaneous
angular momentum and the angular momentum in the
undisturbed gait, the authors changed the site of the contact of the swing leg and the angular momentum by the
additional rotation of the trunk.
Several studies have tried to predict the occurrence of
large disturbances in order the robot could take a most
appropriate posture that would increase the probability of
preventing the fall, i.e. of maintaining dynamic balance.
Kanzaki et al. [7] used stereo vision to predict the instant
of the impact of a weight to make the robotic system more
stiff, to be able to cope with the forthcoming disturbance.
Prat et al. [8] defined a capture region, representing the
area on the support onto which the robot is to step in order
to bring itself to a complete stop. The capture region is
defined based on the instantaneous state of the system
and maximum torque that hip actuator can apply. In those
papers use was made of very simplified planar models of
footless robots, whereby the torque acting at the ankle is
automatically neglected and the support area does not
practically exist.
Maki and McIlroy [9] showed that the ”change-insupport” strategies that include stepping are used by humans more often than it has been thought previously. The
studies were performed on the example of posture
maintenance. This work is concerned with the problem of
the compensation of large disturbances as well as with the
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strategies that may be used for that purpose. Characteristic disturbances are described in section 2. Section 3 presents the different forms and degrees of complexity of
compensating movements that may be applied, as well as
the compensating potential of each of them.

2. TYPES OF DISTURBANCES AND THE WAYS
TO COMPENSATE FOR THEM
The main task of a locomotion system is to maintain
the gait, i.e. to "keep on the feet", either standing or walking. For a system whose posture is not jeopardized we
say that it is dynamically balanced. In the presence of disturbances (it should be emphasized that small disturbances are always present and cannot be avoided) the
man reacts so as to remove the effect of the disturbance
in the way that affects the least the realization of the activity that has been pursued before the occurrence of the disturbance. Of course, if the disturbance is of too high an
intensity and man (humanoid) is under the threat of immediate fall, the whole attention has to be paid to its prevention and the realization of the former activity is to be abandoned.
Disturbances may differ in respect of both the type
and action on the humanoid robot. As far as we know,
their only categorization[1] distinguishes small, medium
and large disturbances. The categorization is based on
the effect by which the disturbance jeopardizes dynamic
balance and possibility of the continuation of the realization of the motion performed to the instant of the disturbance occurrence. In all three cases it is assumed that the
humanoid in the beginning of the considered period performs the reference motion, and then the disturbance begins to act.
 Because of the action of external disturbance force
of smaller intensity, ideal tracking of joint trajectories
is disturbed, as well as the ZMP position, but in
such a manner that it still remains within a "safety
zone". Appropriate control actions can return the
system to the reference trajectory.
 Assume now that a disturbance force of medium intensity is involved. In this case too, the force disturbs the ideal tracking of joint trajectories, and increases the deviation of the ZMP from its reference
position. To preserve dynamic balance, the humanoid must undertake a ‘more resolute’ action (e.g.
arms swinging), in order to ensure that the ZMP
remains within the ‘safety zone’ and the system returns to the reference motion.
 In the case of a high-intensity disturbance, as mentioned earlier, unpowered (passive) DOFs arise,
and the system as a whole starts to rotate about the
edge of the support area. The attempt to minimize
deviations of joint trajectories and resume reference
motion is senseless if the system has lost the dynamic balance. Hence, it is of highest interest to
preserve (or re-establish) dynamic balance, taking
no care at the moment of joints trajectories tracking.
Because of that, the humanoid has to abandon the
realization of the previous reference motion and, for
example, step by one leg in the direction of falling,
support on it, and—in the next several steps—
return to the reference trajectory.

In all three cases, the task of control is to minimize the
deviations of the real humanoid state from the reference
one for all the joints, while preserving dynamic balance,
whereby in case 2, and especially in case 3, the priority
task is to prevent the system from falling down (i.e. to preserve its dynamic balance).
In practice, small disturbances are most common, so
that the problem of gait control reduces to case 1, which
has been investigated [10,11] most thoroughly.
In the case of the compensation of large disturbances
it is necessary to take care of two requirements that are to
be simultaneously satisfied by the compensating movement:
 Compensating movement has to act to maintain the
ZMP position, usurped by the action of the disturbance, within the support area
 Bearing in mind that the action of the forces induced
by the compensating movement lasts short (it ends
immediately after the ending of the compensating
movement) the humanoid's position at the end of the
compensating movement should be such to ensure
dynamic balance without the action of the forces induced by the motion. This means that the projection of
the system's CM at the end of the compensating
movement has to be within the support area.
These two requirements impose serious constraints.
Namely, compensating movements are often very complex (a number of joints move synchronously) and man
learns them in the course of mastering the skill of walking
by the trial-and-error procedure and then selects and
adopts them. Hence, it is plausible to observe the characteristic ways of disturbance compensation used by the
man, and then, by analyzing them, "discover" the reasons
why man uses them as such.

3. COMPENSATING MOVEMENTS
Let us consider the case when the humanoid is standing in an upright position (Fig. 1a), with both feet on the
ground, and on which a disturbance in the form of the impulse force is acting horizontally on its back at a height
h=1.6 m. Depending on the direction and intensity of the
disturbance force, there are two characteristic ways by
which the humanoid may react. One is to attempt to maintain dynamic balance while not moving the feet from the
ground and the other is to step in the direction of the force
action. In the former case there are three possible scenarios. The first is to generate compensating movements
simultaneously at both ankles, while the whole system
behaves as a unique link (Fig. 1b), i.e. as a single inverted
pendulum. The other way (Fig. 1c) is to generate the
compensating movements simultaneously at the ankle
and the hip, but such that they act in the opposite directions. Figs. 1c the links of the legs (the lower leg and the
thigh) and of the trunk (with the neck and head) as a
unique link, so that the system can be approximated as a
two-link one. If disturbance force acts in opposite direction,
compensation will be performed by ankle and knee joints,
as depicted on Fig 1d. In this case lower leg behaves as
one segment, and thigh, trunk, neck and the head behave
as unique link.
3.1 Analysis of compensating movements
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Figure. 1. a) Initial posture of the humanoid, b) Compensation by the moment at the ankle, c) Simultaneous
compensation by the ankle and the hip d) Simultaneous compensation by the ankle and the knee

Now we will analyze two essentially different types of
compensating movements: the case when the entire body
behaves as a unique link (Fig. 1b) and as a two-link
mechanism (Figs 1c and 1d)*. In order to analyze both
types of movements and establish their main characteristics we will form a planar model of the humanoid (Fig. 2) in
which one link stands for the legs and the other for the
trunk together with the hands and the head. The figure
shows also the foot, but it is considered to be immobile
with respect to the support and not involved in the motion.
The motion of such a system is described by the well
known differential equation:
 1   H11 H12   q1   h1 
(1)
    H
   ,
 2   21 H 22   q2   h2 

H11  m1  lC21  I1  m2 (l12  lC2 2  2  l1 lC 2  cos q2 )  I 2
H 22  m2 lC2 2  I 2 , H12  H 21  m2 l1 lC 2 cos q2  m2 lC2 2  I 2

h1  m2 l1 lC 2  sin q2 ( q2   2q1q2 )  m1 lC1 g cos q1 
2

(2)

The motion of the CM of the overall system can be described as:

1   A11 A12   q1   a1  

rCM 
(3)

     ,
m1  m2   A21 A22   q2   a2  
where:
A11  (m1  lC1  m2 l1 )sin q1  m2 lC 2 sin(q1  q2 )
A12   m2 lC 2 sin( q1  q2 )

A21  (m1  lC1  m2 l1 ) cos q1  m2 lC 2 cos(q1  q2 )
A22  m2 lC 2 cos( q1  q2 )

a1  (m1  lC1  m2l1 ) q12 cos q1  m2 lC 2 ( q1  q2 ) 2 cos( q1  q2 )
a2   (m1  lC1  m2 l1 )q12 sin q1  m2 lC 2 (q1  q2 ) 2 sin( q1  q2 )
Vertical component of the ground reaction force, can be
calculated as:
T
(4)
F0,1Y   A21 A22  q1 q2   a2  (m1  m2 ) g
Since we deal with a planar model, the ZMP position can
be calculated in the following way
ZMPX   1 / F0,1Y
(5)

 m2 g (lC 2 cos (q1  q2 )  l1 cos q1 )
h2  m2 l1 lC 2  sin q2  q1   m2 lC 2 g  cos (q1  q2 )
2

with the designation being given in Fig. 2. Driving torque at
the first joint is  1 and  2 at the second joint. It is important
to note that inertia matrix is positive-definite, which in this
case means:

Fig 2. Two-link planar mechanism
*

H11 H 22  H 21 H12  0 , H ij  0, i  1...2, j  1...2

Here we will only analyse case depicted on Fig1c. Same discusion
holds for case depicted on Fig 1d, but instead of hip joint, knee joint is
activated.

3.2 Compensation involving only the ankle joint
When the compensation is performed only by the
torque at the ankle joint, the hip joint remains stiff and the
values of joint-space coordinates, velocities and accelerations are zero ( q2  0, q2  0, q2  0 ). In that case the system moves as an inverted physical pendulum and equation (1) reduces to:
 h
q1  1 1
(6)
H11
By combining equations (4-6) one obtains the relationship between the angular acceleration at the ankle and
ZMP position as:
( H11  ZMPX LCM cos q1 ) q1   ZMPX LCM q12 sin q1 
(7)
 ZMPX (m1  m2 ) g  g LCM cos q1
where LCM  m1  lC1  m2l1  m2 lC 2 and Its physical meaning is presented on Fig. 3.
Let us assume that in the initial moment the humanoid
stands still and that this state is suddenly perturbed by a
force as shown in Fig. 1a. Due to the momentum thus received, the humanoid will start to rotate around the ankle
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Fig. 3. System during the compensation by the ankle

joint at an angular velocity† q1 in the direction indicated in
Fig. 3 (this direction is designated as the negative one)
and the CM will move in the direction of the action of the
disturbance force (positive direction of the x-axis), causing
the CM displacement to the toes, i.e. to the edge of the
support area. In order to recover from the disturbance, the
system has to generate a negative acceleration of the CM
in the direction of the x-axis, which is achieved by a positive angular acceleration at the ankle. Based on (6) it can
be seen that the increase of the torque at the ankle generates a positive acceleration that will stop further inclination
of the humanoid and prevent the CM projection (CMP)
from going outside the support area. However, as is evident from (5), the torque at the ankle influences in a direct
way the position of the ZMP, so that the increase in the
torque yields the increase in the x-coordinate of the ZMP
position, which means that the ZMP will shift towards the
toes, as shown in Fig. 3. To preserve dynamic balance it is
necessary to keep the ZMP within the support area (must
not reach its edge), so that there will exist a maximum
torque that can be applied at the ankle. If the torque applied is of higher intensity, the system will rotate around
the toes and dynamic balance will be lost. On the other
hand, if the torque is insufficient to prevent the CM motion,
this can lead again to the fall, or some other strategy has
to be applied, e.g. stepping.
To preserve dynamic balance during the compensating movement (while the motion persists), the ZMP must
be within the support area, but the CMP need not to. At
the end of the movement (when the motion stopped), the
ground reaction is equal to the gravitational force, which
can be seen from equation (4). Based on that and equation (5), it can be concluded that the ZMP position depends solely on gravitational forces. In that case, the ZMP
and CMP coincide, so that the CMP will also be within the
support area.
From this it follows that the driving torque at the ankle
must not be greater than the value determined by the admissible ZMP displacement, so that the intensity of acceleration/deceleration of the system's CM will have its maximum allowed value. If the maximum permissible torque is
†

Its intensity depends on the momentum applied to the body and
humanoid's mass

not sufficient to stop the motion of the CM before its projection comes outside the support area, such strategy is
not appropriate. In such situation it is necessary to employ
some other way to prevent the fall (to use different compensation strategy) for example, by the simultaneous motion at the ankle and at the hip. When the CMP comes
outside the support area, then it holds that:
(8)
ZMPX  (m1  m2 ) 1 LCM cos q1
By inserting this inequality into expression (7) it can be
seen that the angular acceleration at the ankle is negative,
which causes additional acceleration of the CM. And this
is the reason why it is not possible to stop the motion of
the CM if its projection is outside the support area. It
should be noticed that the choice of the compensation
strategy must be made immediately in the beginning of the
disturbance action. Man is to learn how to do this, and it is
believed that the decision is made on the basis of the simultaneous processing of more information on the intensity
of the disturbance force, instantaneous posture, the state
of the system, etc.

3.2 Compensation by simultaneous motion of
the ankle and the hip joints
Let us have a look again at the humanoid standing still
upright, with no disturbance force acting on it (Fig. 1a).
The action of the disturbance will transfer to it a certain
momentum, and the CMP will move in the direction of the
disturbance (positive direction of the x-axis). Let us suppose then that the humanoid performs the compensating
movements simultaneously at the ankle and at the hip as
is shown in Fig. 4. The motion at the ankle joint will directly
contribute to the displacement of the system's CM in the
direction that is opposite to the motion caused by the disturbance, which brings about the settling of the system.
In this case both joints of the model shown in Fig. 2
are active. Based on the equation of the system's motion
(1) we get:
1
(9)
q1 
 H 22 (1  h1 )  H 21 ( 2  h2 ) 
H11 H 22  H 21 H12

1
  H12 (1  h1 )  H11 ( 2  h2 )  (10)
H11 H 22  H 21 H12
As already stated it holds that H11 H 22  H 21 H12  0 and
H ij  0, i  1..2, j  1..2 , so that on the basis of (9) it can be
q2 

concluded that if the torque at the ankle (  1 ) is greater
than h1 and the torque at the hip (  2 ) is smaller than h2 ,
the angular acceleration at the ankle will be positive. This
means that this acceleration will tend to rotate the system
backward. Similarly, based on equation (10), we conclude
that if the torque at the ankle is greater than h1 , and that at
the hip smaller than h2 , the angular acceleration at the hip
will be negative. This means that in this case the trunk will
rotate forward around the hip joint.
In order to stop the motion, the acceleration of the
humanoid's CM in the x-direction must be negative, as
shown in Fig. 4. Effect of the ankle motion on the CM motion is much greater than the effect on the motion of the
trunk. So, in order to stop the system it is necessary to
generate a positive angular acceleration at the ankle. Also,
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mum amplitude of the torque that can be generated by the
actuators at the hip.

3.3 Compensation by stepping

Fig. 4. System during the compensation by ankle and hip

the ZMP position is directly related to the driving torque at
the ankle, which was given by equations (4) and (5).
Those equation provides a limit to the maximum  1 that
may be applied at the ankle. However, the maximum
torque  1 does not guarantee that the angular acceleration
at the ankle will be positive and that CM will decelerate.
The maximum angular acceleration of the CM for the case
when only the ankle joint is active is:
 MAX  h1
(11)
q1MAX  1
H11
Maximum angular acceleration when both the ankle
and the hip are active is:
H ( MAX  h1 )  H 21 ( 2MIN  h2 )
(12)
q1MAX  22 1
H11 H 22  H 21 H12
From equations (2),(11) and (12) is easy to show that the
same torque at the ankle joint in the case when both joints
are active can generate a much greater angular acceleration at the ankle than when only this joint is active. Therefore, the simultaneous motion of the ankle and the hip
may produce a significantly greater deceleration of the CM
motion, that is to compensate for a significantly larger disturbance. Besides, this way allows simultaneous deceleration of the CM motion and control of the ZMP position, so
that if during the compensating movement the CMP is
found outside the support area, simultaneous motion at
the ankle and the hip can "pull in" the CMP into the support area. When the compensation is performed by the
motion only at the ankle, there will be a direct relationship
between the angular acceleration at the ankle (and thus
the CM acceleration) and ZMP position (equation (8)).
Since the ZMP must be within the support area, this narrows the margin for the deceleration of the CM motion in
the x-direction. And these are just the reasons why the
compensation involving both the ankle and the hip can
compensate for the disturbances of greater intensity compared to the case when compensation is performed by the
ankle only.
However, this strategy has also its limitations. From
(4) one can see that the angular accelerations at the ankle
and hip are limited because the foot-ground contact is unilateral (the foot can push, but not pull), so that the vertical
component of the ground reaction force is always directed
upwards. Another constraint comes out from the maxi-

If the compensation of the disturbance cannot be realized
in the above ways, it is necessary to perform a stepping
movement, upon the termination of which the motion will
stop and the system will settle down. The shock that arose
due to the impact of the front foot against the ground (in
the literature also known as heel strike) has to be absorbed by the leg's joints, which have to become stiff. If
the legs are stiff, the momentum possessed by the humanoid will be transferred to the trunk, which will still continue to incline for a certain time, to stop at the end of the
movement.
Fig. 5 gives a schematic view of the system’s state
immediately after the completion of the stepping movement. The axis p represents the stepping direction, and it
connects the centers of support areas of both feet, whereas the axis n lies in the horizontal plane and is normal to
the axis p. As has already been mentioned, after stepping
the legs stiffen and the remaining momentum is transferred to the trunk. Because of that, there will exist a certain momentum in the direction of stepping, which will incline the system and thus increase the qtrunk ,n . To stop
this motion, the trunk must be acted upon by the torque
whose vector is in the direction of the normal  trunk , n (Fig.
5a). Also, there will exist a certain momentum in the direction of the axis n, which will incline the trunk, so that
qtrunk , p will increase. In order to stop this motion, it is necessary to apply a torque  trunk , p on the trunk in the direction of stepping (Fig. 5b). Since the legs are stiff, they will
be considered as one link, whose mass is m1 . The trunk,
together with the head and arms, will also be considered
as one link of the mass m2 .
During the settling period, the CM velocity should reduce to zero, while dynamic balance has to be preserved.
In order to satisfy this, the following conditions must be
fulfilled:
N
(13)
 trunk , p  ZMPMAX
GRFV
N
 trunk , p  ZMPMAX
GRFV

(14)

P
MAX

where ZMP
represents the maximum allowed deviation of the ZMP in the direction of the axis p (stepping diN
rection), and ZMPMAX
is the maximum allowed deviation of
the ZMP position in the direction of the normal n, as depicted in Fig. 5c. The GRFV is the vertical component of
the ground reaction force, whereas lc1P is the projection of
vector pointing from CM of the legs link to the corresponding joint connecting the trunk and legs in the direction of
stepping p. If the inequality (13) is not satisfied, the robot
will rotate around the front edge of the support area, and if
the inequality (14) is not satisfied, the robot will rotate
around the lateral edge of the support area.
From (13) and (14) one can see that a much greater
torque can be applied at the joint by which the trunk link is
moved in the sagittal plane (the plane coinciding with the
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Fig. 5. The system immediately after stepping: a) in the direction of stepping, b) in the direction normal to the
stepping direction, c) Position of the feet and the pattern of the support area

stepping direction) than in the frontal plane, perpendicular
to it. Thereby it is possible to realize a much greater deceleration of the CM motion if the stepping is performed in
the direction of CM velocity after perturbation than in the
direction normal to it. For this reason, the CM velocity after
the stepping in the direction of the axis n should be as
small as possible. If the stepping is fully realized this way,
the velocity in the direction normal to the stepping direction
will be zero. However, after the stepping and the settling
phase, the CMP must be within the support area.

4. CONCLUSION
This work has considered the problem of the compensation for large disturbances, directly jeopardizing the biped's dynamic balance. In such a case it is of absolute
priority to prevent the fall, i.e. to ensure that the ZMP position during the walk remains within the support area. Since
the disturbances are of higher intensity, the compensating
movements have to be appropriate, and the main role
may play inertial forces. However, their action ends after
the realization of the "energetic part" of the movement
(which is always very short), and the moments of gravitational forces take over the dominant influence on the ZMP
position. As a consequence, the compensating movement
has to be such that at its end the humanoid remains in the
position that ensures its static balance.
These are very complex requirements, whose realization humans learn by experience, so that in order to define
a compensating strategy it is fully justified to study thoroughly and emulate the way of how humans compensate
for large disturbances.
Three different strategies were described. Ankle strategy is easiest for control, but it can compensate for disturbances of small intensity. Compensation by hip and
ankle, or knee and ankle (depending on the direction of
disturbance force) can compensate for larger disturbances. Theoretically any disturbance can be compensated
this way, but limitations of human anatomy or robot’s mechanical construction impose limitations on size of disturbance that can be compensated this way. Stepping can be
performed either for small or large disturbances. Looking
at human behavior we suggest to employ stepping to larg-

er extent than it is currently employed, even for not too
large disturbances.
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