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Abstract. The objective of this work is to demonstrate the possibility of using
primitives to generate complex movements that ensure motion of bipedal
humanoid robots. Primitives represent simple movements that are either reflex
or learned. Each primitive has its parameters and constraints that are determined
on the basis of the movements capable of performing by a human. The set of all
primitives represents the base from which primitives are selected and combined
for the purpose of performing the corresponding complex movement. The proof
that a correct selection of primitives is made and that the movement is the
appropriate one is obtained on the basis of the maintainance of dynamic
balance, which is realized by monitoring the ZMP position, as well as based on
the pattern of the very movement.
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1 Introduction
In the realization of their movements, many humanoid robots use predefined
reference motions [1-4], the main goal in their realization being to prevent fall, i.e. to
preserve dynamic balance, and then, realize the intended movement in a most faithful
way. In this work we will focus our attention on the realization of bipedal gait. First,
based on the predefined motion that satisfies all preset kinematic and dynamic
requirements (this motion is called reference motion), control quantities are generated
that will be forwarded to the actuators to realize the reference motion. By including
control we ensure the elimination of errors arising due to the ever-present
disturbances. It is generally known that bipedal robots are very sensitive to
disturbances, and that maintenance of dynamic balance represents the primary control
task. In [4,5], different control algorithms were analyzed based on classical PID
regulators for preserving an anthropomorphic motion, whereas a separate control law
was defined, based on the deviation of the ZMP from its reference position, for
preserving dynamic balance. The notion of dynamic balance has been considered in
detail in [6,7], especially from the aspect of biological principles that are used to
preserve it, as well as in the case of a nonstandard foot-ground contact. In [8], a

comparison was made of the fuzzy logic control and PID control. The mentioned
strategies were mainly adequate for compensating small disturbances, whereas the
compensation of large disturbances requires a different approach. The problem of
classifying disturbances as small and large ones has been considered in detail in [9].
In the compensation of large disturbances (e.g. when the robot is pushed by a large
force or when it kicks its foot against an obstacle) the dynamic balance is
instantaneously jeopardized; hence the system has to fully abandon the realization of
the reference motion and undertake an urgent action (impose new control signals), to
preserve dynamic balance, i.e. to prevent the fall. For example, an urgent action may
be a step aside if the disturbance was a strong lateral force. Only after reestablishing
dynamic balance, the system can return to the reference motion and its further
realization by imposing the reference control.
A main problem in compensating for large disturbances in the described way is the
extremely short time available to form a compensating movement, since the shortage
of time does not allow realization of some complex computer and time demanding
algorithms. Hence, in this work we propose an approach that enables on-line
generation of compensating movements for bipedal robots, based on using simple
primitives, which are relatively easier to modify. In [10-14], the authors used the
entire movement as a primitive (overall gait, transition from standing to walking,
etc.). An essential difference between such approach and the one proposed in this
work is that the on-line motion is formed by a combination of primitives and not of
the movements recorded in advance. Complex movements were decomposed into
simple movements, called primitives (e.g. leg stretching, leg bending, hip turning,
etc.). The idea is based on the fact that a human, even when dynamic balance is not
directly endangered, realizes reflexly a series of simple movements and changes his
motion in real time. Thus, for example, if in the course of the gait a need arises to
modify the motion (e.g. there appears an obstacle that is to be bypassed or the need to
walk the staircases) the human does not waste time on calculation of a new and
complex motion to be realized and of new kinematic and dynamic parameters of
motion, but it selects the most appropriate primitive from the already lerned ones, by
adjusting only some of the basic parameters such as the height of the leg lifting, angle
of leg bending or the stride length. By introducing the base of primitives that are
realized by taking as a model human's movements, the aim of this work was to
demonstrate that the appropriate selection and combination of primitives can yield the
realization of a complex motion that was not planned in advance, and, at the same
time, preservation of dynamic balance.
In this work we will focus on the basic explanations of the notion and forms of
primitives, and the approach will be illustrated on the example of gait realization in
the absence of disturbances. Further development of this approach, especially for the
case of occurrence of large disturbances, will be reported in our forthcoming articles.
The article describes first the model of the humanoid robot used for the simulation.
This is followed by a description of the primitives to be realized and the way they
were used in the gait realization. Finally, we present simulation results, obtained on
the basis of the presented approach to generating complex movements using
primitives.

2 Model of the humanoid robot and notion of ZMP
We will present first the kinematic structure of the humanoid robot used in the present
work. The software used had the capability of forming a dynamic model of the
humanoid robot composed of a number of open and closed kinematic chains. Use was
made of the software that is based on the concept of a free-flying mechanism [15],
which consists of one or more kinematic chains whose links are interconnected by
revolute joints with one degree of freedom (DOF). One of the mechanism links is the
basic link, which branches into kinematic chains (Fig. 1).

Fig 1. Free-flying mechanism.

The state in which the free-flying mechanism is observed is described by the vector
Q, which consists of the position (x, y, z) and orientation of the basic link (φ, θ, ψ)
and the vector q of n elements, determining the relative angle between two adjacent
links, where n represents the number of the mechanism links. So, the total number of
the mechanism DOFs is 6+n.
Q   x , y , z ,, ,  , q1 , q 2 , ,q n 

T

(1)

In order to realize the mechanism motion it is necessary that a driving torque acts
at each active joint, realized by the corresponding actuator, so that we have n driving
torques. Driving torques can not be applied to the first 6 DOFs that determine the
position and orientation of the basic link, so that the vector of driving torques is
defined in the following way:
T   0, 0, 0,0, 0, 0, 1 ,  2 , ,  n 

T

(2)

In accordance with the defined vectors Q and T, the dynamic model of the
humanoid robot is given the equation:





H  Q  * Q  h Q ,Q  T

(3)

The mechanism used in this work possesses four kinematic chains and 50 DOFs
(see Fig. 2). The first and second kinematic chains form the left and right leg of the
humanoid, the third represents the trunk and the right arm, while the fourth one stands
for the left arm.

Fig. 2. Kinematic sketch of the free-flying mechanism with 50 DOFs

The left and right legs consist of the pelvis, upper leg, lower leg, foot body and the
toes link (the foot consists of two links), so that the kinematic chain of the legs
consists of 16 DOFs. The left and the right arm consist of the clavicle, upper arm, and
the lower arm. The kinematic chains of the arms have in all 8 DOFs. The trunk
consists of 10 links interconnected by two joints whose axes are mutually orthogonal,
and theyensure the rotation about the x and y axes. Thus, the trunk is segmented and
allows motion like that of a human with the backbone. The trunk has a total of 20
DOFs.
Particular links correspond to the real mechanism links (link 5 to the shank, link 4

to the thigh, etc.), and are presented in Fig. 2 by full lines. However, some links were
needed only for the purpose of modeling the joints with more DOFs. Namely, the
joints with more DOFs are modeled as sets of joints having only one DOF each, and
which are connected by links having mass, moment of inertia and length equal to zero
(in Fig. 2 being presented by dashed lines). Thus, for example, the hip joints, which
are in reality spherical joints with three DOFs, are modeled as sets of three one-DOF
joints whose axes are mutually orthogonal. Thus the right hip is modeled by a set of
simple joints 7, 8 and 9 (with the unit vectors of rotation axes e7, e8 and e9), and the
left hip by the set of joints 15, 16 and 17 (unit vectors e15, e16 and e17). The links
connecting these joints (for the right hip the links 2 and 3, and for the left links 10 and
11 were needed only to satisfy the mathematical formalism of kinematic chain, on
which the software is based) were presented by dashed lines, to indicate their “fictitious” nature. The other links (those that are not part of the joints with more DOFs)
correspond to the real characteristics of the links of an average human body.
The trunk is not realized as a single link but as a 10-link one. Each of the joints
connecting the trunk links has 2 DOFs and each of them enables relative rotation
about the axes that are oriented in the directions of the x and y axes.
The software used for modeling and simulation of the humanoid robot motion has
the possibility of realizing and disrupting contact between the free-flying mechanism
and surrounding objects. Thus, for the purpose of gait simulation an object is
introduced that represents the ground on which the robot moves. In our case this was
a flat surface. During the walk the robot is always in contact with the ground, at least
via one foot. When the robot is in the single-support phase the contact exists between
the supporting leg and the ground, and in the double-support phase both feet are in
contact with the ground. At the moments of transition from the single-support to the
double-support phase and vice versa, realization and disruption of the contact takes
place, respectively.
Evidently, the humanoid model considered here is very complex, especially from
the aspect of the multilink trunk. We decided to use such a complex model because
we expect it will be very convenient and indispensable in the subsequent phases of
research, although the additional complexity of the trunk has no essential influence on
the results presented in this paper.
The basic task of locomotion systems is locomotion itself. While walking locomotion systems are freely supported by their feet on the ground but do not overturn. In
such case we say they are dynamically balanced. An indicator of dynamic balance is
Zero Moment Point (ZMP). To define the ZMP consider a Cartesian coordinate frame
with the x and y axes being tangential to the flat ground and the z axis being normal.
In case humanoid perform walk (do not overturn) during either single or double
support phase of walking there is always an unique point inside support area for
which M x  0 and M y  0 , where M is moment about an axis generated by the
ground reaction forces. This point is called ZMP.

3 Experimental results
In this chapter we will present the primitives and describe the way of their use. Then

we will demonstrate the possibility of using the primitives introduced to realize
complex movements. Simulation of bipedal motion using the primitives will be
described and the simulation results will be presented.
3.1 Primitives
As already mentioned, the term primitive stands for a simple reflex or lerned
movement that a human or robot is capable to realize. A primitive itself should be
simple in order it could be easily combined with the other primitives. Each primitive
is parametrized and has the following parameters:
 intensity of the movement in the span of 0-1, which determines the extent
to which, for example, a leg is to be bent or streched,
 time instant during which the primitive is executed, and
 duration of the primitive, i.e. the time in which the primitive is to be
executed.
Fig. 3 a) shows stick diagrams representing bending (at the hip, knee and the ankle)
of the leg that is in swing phase. Therefore, by imposing the requirement

a)

b)

Fig. 3. Stick diagrams of the humanoid robot model in the realization of primitives by the
swing leg: a) leg bending, b) leg stretching.

(by imposing the primitive) that the robot is to bend the leg that is in swing phase, the
leg is lifted the way presented in Fig. 3 a). Fig. 3 b). shows the primitive by which the
bent leg in swing phase is stretching, whereby use is made of the joints at the hip,
knee, ankle and the link of the toes of the leg being in swing phase. This primitive is
realized so to produce an appropriate stretching of the leg which will become
supporting leg in the beginning of the double-support phase.
Each of the primitives is realized by activating one or more DOFs. Thus, for example,
the primitive for bending the leg in swing phase involves activation of the joints at the
hip, knee and ankle of the swing leg. Fig. 4 shows the primitives at each of these
joints for the case of leg bending presented in Fig. 3 a). In this case the magnitude of
the angle at the knee is twice larger than, and is of an opposite sign to, the magnitudes
of the angles at the hip and the ankle. It should be noticed that in this case the angle of

Fig. 4. Change of the angles at the ankle, knee, and the hip during swing phase in the case of
leg bending.

the toes link remained constant all the time and equal zero; hence its diagram has not
been shown. Also, it is worth noting that the primitives can be changed very easily in
the sense of varying the range of the changing angle (by multiplying with a factor
smaller than 1 the span of the angle change will be narrower compared to qmax, where
qmax represents the maximal value of the angle allowed by the structure of the given
joint, so that there is no sense to multiply the qmax by a factor that is greater than 1), as
well as by changing the duration of its realization (faster or slower movement
execution).
Apart from the primitives imposed onto the swing leg, the primitives acting on the

a)

b)

Fig. 5. Stick diagrams of the model of humanoid robot in the realization of primitives by the
supporting leg: a) stretching, b) inclining, by which the system as a whole moves forward.

supporting leg: stretching of the supporting leg (Fig. 5a), as well as the primitive for
the mechanism's inclination forward (Fig. 5b), were also realized.
In the realization of the primitive for stretching of the supporting leg (Fig. 5a) use
is made of the ankle, knee, and hip joints. By the realization of primitives for
stretching the supporting leg these joints move so to ensure that at the end of the
movement, when the stretching intensity was preset to 1, the leg is fully stretched,
which corresponds to the angles at the joints of 0 rad. Of course, it is possible to
change the intensity of leg stretching, by which is changed the span of the motion at
the joints, and, by the same token, the characteristics of the movement.
In the realization of the primitive for inclining, the supporting leg is activated again
and the same joints are used as in the realization of the primitive for stretching the
supporting leg (Fig. 5b), but now the toes link is also activated since the rear part of
the foot (heel) separates from the ground and the system remains supported only on
the link of the toes. With this primitive, the angles at the joints of the knee and hip are
of the opposite sign to the angles at the links of the toes and ankle, to ensure keeping
the trunk in the upright position with respect to the external coordinate frame.
3.2 Simulation results
In assessing the quality of motion realized by applying primitives the gait
synthesized by the semi-inverse method [1-4] served as a reference. In this method,
the motion of the legs1 and the ZMP position are given in advance, and then the trunk
motion is synthesized so to ensure realization of the prescribed ZMP position. Since
the ZMP is located in the predicted position inside of the support area, the robot is
dynamically balanced during the whole half-step. Fig. 6 shows the stick diagrams of

Fig. 6. Stick diagrams of dynamically balanced reference half-step synthesized by semi-inverse
method.
1

The motion of the legs was obtained based on human walk.

Fig. 7. ZMP trajectory for the reference half-step.

the reference motion during a half-step, while Fig. 7 pictures the reference trajectory
of the ZMP.
The example on which we will illustrate the realization of primitives is the gait that
aims at being anthropomorphic. In order to realize it, the reference motion at the
joints by which the robot moves forward (the joints corresponding to the rotation
about the y axis, i.e. the joints 9, 10, and 14 for the right leg, and the joints 17, 18 and
21 for the left leg) is replaced with the corresponding primitives. The motion of the
legs joints whose orts are parallel to the x and z axes and all motions of the trunk and
arms were taken over from the reference motion. The state identical to the initial state
in the reference motion was taken as the starting state. All movements presented
lasted 2.4 s, which was realized in the simulation at the sampling interval of
Δt=0.00066 s, corresponding to a total of 3600 iterations.
The newly obtained motion of the legs consists of the following combination of
primitives. As first, bending of the swing leg was imposed an intensity of 0.5 (dashed
line on the diagrams in Fig. 4). The starting moment of the swing leg bending was the
beginning of the movement (first iteration), and the primitive duration was 1800
iterations. At the same time, the primitive for stretching (straightening) of the
supporting leg was imposed on the intensity of 1, which lasted 1200 iterations. This
movement was followed by the primitives of the swing leg stretching and inclination
of the supporting leg. Stretching of swing leg involved the following parameters:
intensity 1, the primitive was imposed on the 1800th iteration on, and lasted the next
1800 iterations, i.e. to the end of the movement. The intensity of inclination of the
supporting leg was 1, the primitive was imposed starting from the 1200th iteration
and lasts to the end of the movement, i.e. the next 2400 iterations. In this way we
obtained a movement that lasted 3600 iterations (like the reference one), and the
result of the applied primitives was the movement represented by the stick diagrams
in Fig. 8.
Fig. 9 shows the magnitudes of the angles at the ankle, hip and the knee of the
supporting leg for the reference movement and for the movement obtained by using
primitives for one half-step. It should be noticed that the motion in all presented
diagrams for the supporting leg was a result of the combination of two primitives
taking place in the sequence, i.e. stretching and inclining.
The imposing of the new, changed, motion, formed on the basis of primitives at the
prespecified joints while keeping the reference motion at the other joints, yielded a

Fig. 8. Stick diagrams of the half-step when the motion was realized with the aid of primitives.

a)

b)

c)

d)

Fig. 9. Changes of the angles at the joints of the supporting leg for the reference half-step
(dashed line) and the half-step obtained on the basis of primitives (full line): a) hip, b) knee, c)
ankle, d) toes.

significant distortion of the ZMP trajectory, as shown in Fig. 10. As can be seen, the
robot is not dynamically balanced, and if such motion would be imposed onto a real

Fig. 10. ZMP trajectory for the half-step obtained by imposing primitives onto the legs.

robot, the fall would be inevitable. Hence it would be necessary to correct the motion
imposed at the joints, in order to preserve dynamic balance. The correction was
realized in the following way. Since the general pattern of motion was satisfactory it
was to be changed to a smallest possible extent, and it was only necessary to change
the ZMP position. Because of that it was decided to change the acceleration at the
ankle of the supporting leg in each sampling period to a sufficient extent so that the
ZMP would be brought sufficiently close to its reference position (an acceptable
deviation from the reference position was prescribed, and, when the ZMP entered that
zone, the task was considered fulfilled). Double integration of the corrected
accelerations yielded the corrected trajectories at the ankle.
Fig. 11 shows the stick diagrams of a half-step of the humanoid robot when the
motion of the legs was realized by using primitives and applying correction at the
ankle of the supporting leg, while Fig. 12 illustrates the ZMP trajectory in the case of
the corrected motion.
Magnitudes of the angles about the x and y axes with and without correction at the
ankle of the supporting leg are presented in Fig. 13 c) and d). It should be noted that

Fig. 11. Stick diagrams of the half-step when the primitives are imposed onto the legs, with the
correction at the ankle.

Fig. 12. ZMP trajectory with the correction at the ankle.

a)

c)

b)

d)

Fig. 13. Magnitudes of the angles with and without correction at the ankle at which correction
was performed and the difference arising due the correction: a) angle about the x axis at the
ankle with and without correction, b) angle about the y axis at the ankle with and without
correction, c) the difference of the angles about the x axis of the ankle arising due to the
correction, d) the difference of the angles about the y axis arising due to the correction applied
at the ankle.

both curves in Fig. 13 a) and b) coincide with each other, so that they are practically
seen as one curve. As can be seen from Fig. 13 c) and d), the deviations at the ankle

before and after the correction are minimal and did not introduce significant change,
as far as the movement pattern is concerned. Maximal difference between the angles
at the ankle before and after the correction does not exceed the value of 3*10-4 rad. By
comparing Fig. 11 and Fig. 13 we can also see that the motion did not change
significantly and the desired pattern of the half-step has been preserved. However, a
comparison of Fig. 10 and Fig. 12 reveals that the application of the correction
yielded an essential improvement in the ZMP trajectory, and it is very alike the
reference trajectory of the ZMP shown in Fig. 7. This correction at the ankle, which,
as already mentioned, did not influence the movement pattern, yielded a successful
realization of a dynamically balanced gait using primitives.
A question arises as to whether the correction of primitives the way demonstrated
in this work would be applicable if the robot had to perform on-line modification of
its motion. We believe that this would be possible, for at least two reasons. As first, in
the on-line modification of the motion it is not necessary to change completely the
primitives imposed onto the legs, but only modify some of the parameters such as, for
example, extending the stride, lifting the leg a little bit higher to surmount the
obstacle that appeared in the way, or rotating additionally the leg at the hip to bypass
the obstacle. The other reason is the fact that the correction can be applied in the form
of position control of the ZMP (correction of small disturbances), by which dynamic
balance would be preserved, as was demonstrated in our previous work [5].

a)

b)

c)

d)

e)

f)

Fig. 14. Comparison of the motion of humanoid robot for the case when the motion was
synthesized by the semi-inverse method (full line) and with the aid of primitives (thin line).

Let us discuss briefly the comparison of the characteristics of the gaits synthesized
by the semi-inverse method (Fig. 14, full line) and by applying primitives (Fig. 14,
thin line). The figure shows the superimposed stick diagrams for the two synthesized
motions. It is clear that the postures at the beginning and at the end of motion coincide, which was a consequence of the appropriately prescribed limiting conditions,
but between the limiting points the system did not move in a completely identical way
in the two cases. This we do not consider as a shortcoming but as a potential advantage, because there is no any objective reason for the system to move in the same
way. However, it should be pointed out that the system during the entire motion was
dynamically balanced, and that there was no threat of falling down at any time instant.
We expect that the results would be also similar in the case of an on-line modification
of the motion.

4 Conclusion and the directions for further work
Humanoid robots of the future will have to move in an unstructured environment, so
that it will not be possible to plan and generate the entire robot's motion in advance.
The direction and motion parameters will have to be determined and modified during
the motion realization. Hence the need to develop a new approach that will enable
modification of the current motion, or the synthesis of a completely new one in real
time, will be an inevitability.
In this work we presented one of the ways in which solving of this problem can be
approached. In contrast to the approaches in which the motion of the overall locomotion system is generated as a whole, we propose to compose the entire motion of the
locomotion system of a series of motions at the particular joints. If a need appears that
the humanoid has to adapt to the situation it found itself in the given moment, it is
possible to simple modify the motion at the particular joints (e.g. to make a turn in
order to bypass an obstacle), since the motion at each joint represents a separate
primitive. It is of special interest to notice that the combination of several simple
primitives can lead to a significantly more complex movement.
The objective of this work was to clearly explain the basics of the notion, form and
application of primitives, so that this work is based on the realization of the gait of
humanoid in the absence of disturbances. The basis and the reference with respect to
which we considered the deviations of the motion realized with the aid of primitives
served the gait synthesized by the well-known semiinverse method. In order to demonstrate the use of the new approach the motion at paticular joints that was synthesized by the semiinverse method was replaced by primitives, whereas the motion of
the rest of the system remained unchanged. Because of this intervention, the system's
dynamic balance was completely disturbed, but, by applying a small correction at the
ankle of the supporting leg, we succeeded to correct the motion, so that dynamic balance was fully ensured during the whole gait sequence.
We expect that the approach presented here could be applicable for both on-line
modifications of motion and generating compensating motions in the case of large
disturbances, when the system is in danger of falling down. In the future work we will
intensify our efforts in dealing with this problem, as well as in the application of

primitives on the motions of the other joints of the locomotion mechanism.
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