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This paper describes an algorithm that enables a humanoid robot to perform an impulsive
pedipulation task on a spherical object in the environment; that is, by using its feet to exert an
impulsive force capable of driving the object to a 3D goal position while achieving certain
motion characteristics. This is done by planning a suitable motion for the legs of the humanoid,
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capable to exert the required impact conditions on the spherical object while maintaining the
dynamic stability of the robot. As an example of this algorithm implementation we consider the
free kick in soccer and take it as a case study. Finally, we provide some simulation and ex-
perimental results that intend to show the validity of this algorithm.

Keywords: Humanoid; impulsive pedipulation; kicking motion; 3D goal position.

1. Introduction

Manipulation, from the Latin manus “hand” plus the root plere “to fill”, is defined as
the sense of “skillful handling of objects”; that is, a dexterous method or process by
which objects are moved, operated or controlled by using the hands, or any other
mechanical means.! One of the main purposes of traditional industrial robots is the
manipulation of objects in the environment by means of an end effector, whose shape
and functionality depend highly on the task it is meant for. One common approach is
to use grippers, “hand”-like end effectors intended for skillfully handling targeted
objects by means of a pick-and-place strategy; that is, by grasping them, carrying
them to a new location, and releasing them.”

On the other hand, humanoid robots may or may not have a proper grasping
system, as the focus of most of the research nowadays is on the locomotion and the
whole body motion itself. Furthermore, even if they had such a system providing the
functionality of the hand, this one may lack the size, strength, or dexterity needed to
grasp objects in the same way that humans do.?> These objects in the environment
can be located at different heights, or even placed at floor level, such that if the robot
is required to change the position or layout of these objects without lifting them from
the floor, the robot would have to bend down to perform the manipulation task.
However, this is not efficient from the point of view of the energy required. In such a
situation, humans even choose to push (or tap) the object by means of their feet.
These objects may represent an obstruction on the path, which can be easily cleared
by using the feet if the objects are light enough, especially if the grasping system is
dedicated to another task. Then, it is worth to consider the use of the feet (or any
part of the legs) of the humanoid robot as an alternative end effector.

This last kind of “manipulation” which uses the feet instead of the hands can be
termed as pedipulation, from the Latin pes (genitive pedis) “foot”," and defined as
the process by which objects in the environment are moved, operated or controlled
by using the feet, especially in a skillful manner. This term has been previously used
in the robotics literature, referring to the footstep planning for a humanoid robot and
to describe the action performed by the foot of a human or a robot when it is used to
juggle objects, but not in a generalized way of handling them with the feet while
maintaining its balance.®® In order to perform these pedipulation tasks, the robot
could simply make use of articulated toes intended to grasp objects. However, this
behavior is not typical on humans and not practical either, as it would require
complex additional hardware to be installed at the feet. That is, conventional grasp-
based pedipulation is not practical. As a feasible alternative it is possible for the
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actual feet of the robot to make use of graspless strategies. These ones exploit the
mechanics of the task to achieve a goal state without the need of specialized hard-
ware, allowing simple mechanisms to accomplish complex tasks.”

Graspless strategies are characterized by the use of repulsive forces, which may be
impulsive or non-impulsive. Impulsive forces are mainly used by striking strategies
which basically provide the initial linear and angular velocities to an object by means
of an impact. Then, this object continues its motion subject to forces and constraints
imposed by the environment.® Non-impulsive forces, on the other hand, are mainly
used by pushing, throwing, rolling and other strategies. Pushing is preferable when a
fine handling is required, or in case that the initial and the goal locations share the
same support face and the distance between them be short enough.? In this case the
movement of the object coincides with the motion of the robot, as detaching is not
desirable. The other strategies smoothly accelerate the object and release it when the
required linear and angular velocities are reached, letting the object to continue its
motion.”"

Pedipulation tasks that use non-impulsive or impulsive strategies are not un-
common in our daily lives. For example, when pushing a pedal or operating any
mechanism placed at floor level. It is also possible, as mentioned before, to push or
strike an object at floor level to move it, in order to line it up, bring it closer or push it
away, without bending down. Other typical applications can be found in some sports
as in soccer, being the most representative one, whose primary objective is to drive
the ball to the opposite goal by using the feet, involving tasks such as stopping
(“killing”), dribbling and kicking the ball. The kicking motion is not a new issue for
the research in humanoid robots. It has been previously addressed several times. For
example, Miiller et al. focused on creating complex motions by dividing them into
simple phases like kicking to the front or to the side,® while Wenk and Rofer suc-
cessfully calculated how to kick a ball in a certain 2D direction by using a mathe-
matical model of the contour of the swing foot.” Others just took this motion as an
10712 stabilization or
whole body motion generation.'*!* That is, the respective research has mainly been
focused on the humanoid motion itself and the stability of the humanoid robot
without considering to achieve any specific goal position, not even in 3D. On the
other hand, some works dealt with the trajectory of the ball without considering the
complexity of a humanoid robot, which has no fixed link. For example, Schempf et al.
developed a fixed-base robotic leg capable of kicking a ball to a distance of about
20 m and with a height of 3-5 m, without having a particular position as a target.'”
Choi et al. also used a similar fixed-based leg but they focused on the trajectory of the
ball resulting from a given kicking motion without solving the inverse problem; that
is, without considering the way of producing the necessary impact conditions on a
ball for it to follow some desired trajectory.'®

It is our concern for a humanoid robot to perform this type of pedipulation tasks
in order to achieve a desired behavior on the pedipulated object. For this purpose,
the main contribution of this paper is the solution of the corresponding inverse

example to validate optimization and planning algorithms,
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mechanics problem and the planning of a suitable stable motion for the humanoid
robot capable to achieve the required impact conditions.

Having this purpose in mind, we chose to deal with the kicking motion problem
such that a ball, idealized as a rigid body, could reach a specific goal position with
certain motion characteristics. Solving this problem can improve the capabilities of
the actual humanoid robots that play soccer in tournaments by using simplistic
methods. One of these tournaments, RoboCup, has as an official goal that “by the
middle of the 21st century, a team of fully autonomous humanoid robot soccer players
shall win a soccer game, complying with the official rules of FIFA, against the winner
of the most recent World Cup.”'” But, besides that direct application, we believe that
if this problem is successfully solved, our approach can be applied to other pedipu-
lation tasks involving non-spherical objects that can be modeled as rigid ones, im-
proving the “manipulation” capabilities of the robot without using additional
hardware.

2. Problem Statement

Considering the free kick motion in soccer as a case study on impulsive pedipulation,
the present work focuses on driving a ball to a desired 3D goal position while
achieving certain motion characteristics and considering the constraints imposed by
the nature of the impact. The required impact should be exerted by the foot of a
humanoid robot, whose motion needs to be properly planned to perform the desired
task while ensuring the stability of the robot.'®

In order to solve this problem we propose to follow the process represented by the
flowchart shown in Fig. 1 and explained as follows:

(i) Given a 3D goal position for the ball, as well as some desired motion char-
acteristics, it is first necessary to calculate the required initial linear and angular
velocities of the ball; that is, to solve its inverse motion model.

(ii) Assuming that the ball is originally steady, it is necessary to calculate the
impulse required to produce the change in momentum leading to the desired
motion, as well as where to apply it; that is, some impact coordinates defined on
the ball. Both the impulse vector and its point of application are the required
impact conditions.

(iii) By taking into account both the impulsive model of the ball and the impulsive
model of the robot, the required approaching velocity of some selected opera-
tional point on the swing foot is then calculated.

(iv) By knowing the contact point where the impulse should be applied and, pro-
posing feasible attitudes for the support foot and the waist, the configuration of
the humanoid robot at the instant of the impact can be calculated.

(v) By proposing proper detaching and landing footprints, a trajectory for the swing
foot can be generated, as well as some desired ZMP trajectory that assures the
dynamic stability of the humanoid robot.
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v

Input: Define:
> 3D Goal position » Humanoid configuration
» Desired motion at impact
Calculate: Generate:
> Inverse motion model of the ball » Trajectory for the swing foot
1 »Trajectory for the desired ZMP
Calculate: A
» Required impact conditions calculate:
1 » Stable trajectory for the waist
Calculate:
» Approaching velocity of the A
operational point on the swing foot End

Fig. 1. Steps needed to solve the impulsive pedipulation problem.

(vi) Finally, the proposed generated motion is stabilized by means of a proper stable
trajectory for the waist, capable of realizing the ZMP trajectory.

The next sections deal with every one of these stages.

3. Projectile Motion

Let us consider a world reference frame {W} whose Z-axis points upwards, as well as
a local reference frame { B} rigidly attached to the center of mass (CoM) of the ball.
Any vector that is described in {B} will be denoted with a leading superscript
indicating that it is referenced to it. Vectors that are not denoted by any leading
superscript should be considered as being described in {W}. Position vectors are
always denoted by p plus a descriptive subscript.

Also, let us assume that the ball will follow a projectile motion under the sole
influence of gravity; that is, the effect of various aerodynamical forces (the drag force
and the “Magnus effect”) will be neglected.'® Under these circumstances the mag-
nitude of the angular velocity of the ball during the trajectory cannot change. Then,
the magnitude of its initial angular velocity, wp g, should be equal to the final one,
wpy; that is,

Wpo = WRy- (1)
Now, given a 3D goal position for the ball, pg, we can use the standard projectile

motion equations under the sole influence of gravity that describe the trajectory of its
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CoM, pg,(t), to find a suitable initial velocity vector, vg,o. This trajectory is
given by

1
Po,(t) = Poy (1) +vo, 0t — 591527 (2)

where t, is the instant of the impact, g =[0 0 —g]7 is the gravity vector and g is
the acceleration due to gravity, whereas the initial linear velocity vector, vg, o, may
be described by the magnitude vp, o and two angles representing its direction (¢,,,
Omo) (Fig. 2): ¢,,, the azimuthal angle between the ground projection of the trajec-

tory and the X-axis of {W}, and 6,,,, the angle of launch. In such a way that

V0,0 COS Py, COS 00
V0,0 = | V05,0810 ¢ €080, |5 (3)
V0,080 0,0
then, considering the goal is attained at time T', we can get pg = po,(T).

Now, let us define r¢,0,, '= Pe — Po,,0, such that

V0,01 cOS ¢y co8 0,

TG/ Opy. .
Vo, o1 sin ¢, cos O

TG/ Opo = TG/ Osoy 03,0 (Zsm ) m,0 . (4)
G/ Opo. V0,01 sinb,, o — 5 gT?

The angle ¢,, represents the orientation of the plane of motion (where the pro-
jectile motion actually occurs) with respect to the XZ-plane of {W}, remaining
constant during the whole trajectory. Then, it can be directly calculated from the
goal position as

¢m = arctan 2(’)”@/03% TG/OB[).T,)' (5)

However, the other three variables (T, vo, o, 0,,0) cannot be directly calculated
because the three equations are not independent. There is an infinite set of possible

i, f

i j“”‘-;

Vo,.r

Fig. 2. Projectile motion.
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trajectories capable of accomplishing the required goal, unless we specify another
constraint for the problem.

Let us select the reaching angle 0., ; (Fig. 2) as a constraint. This one is defined as
the direction of the motion of the projectile at the goal position, and within the plane
of motion; that is, the angle between the velocity vector at that point, v, r, and the
XY-plane of {W}.

The velocity of the ball at the goal position is obtained by vg, f = %pOB(T) =
(V05,5 V05,4 V0,.£]", such that

,UOBz#f . UOR,O sin 9m10 — gT

2 2 V0o,.0 COS 0 0
\/ Y0y T Y0y, 5 o

Now, let us focus in Eq. (4). From the expression for rg/¢,, we can solve for the
required time to accomplish the goal, T, as

(6)

tan 6, ; =

"G/ Opys
T = 7
V0,0 COS Py, COS O, (™)

which can be substituted into the expression for rg/¢,, to get

2 2
TG/OBUQ» 1 TG/OB(]z 1+ tan omﬁo
= "4 0 Y ’ 8
T6/0m: = o Um0 T I sz g V9,0 o

Substituting T of Eq. (7) into Eq. (6) the velocity vg, o can be calculated as

; _|76/0m, g(l + tan2 9m,0) (9)
0.0 cos ¢y, tanf,, o — tan6,, ¢

Then, by considering the expression given in Eq. (8) and substituting this value,
V0,0, it is possible to compute the required angle of launch, 6,,, as

COSPm _ tan Gm’f> . (10)

00 = arctan | 270,
TG/ Opys

4. Impulsive Contact Models

After finding the required initial linear and angular velocity vectors of the ball (vg, o
and wpyp), and assuming that the ball is originally steady as well as rigid, it is
necessary to calculate the impulse f ¢ needed to produce the change in momentum
required to achieve the desired motion, as well as the point on the ball to apply that
impulse; that is, the impact coordinates, (¢g, 0y) (Fig. 3).

Then, we are able to calculate the approaching velocity of some selected opera-
tional point on the swing foot, which will exert the necessary impulse to start the
motion of the ball. This is done by first formulating and solving the dynamical model
of both the ball and the robot at the instant of the impact; that is, considering the
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_x

Fig. 3. Definition of the impact coordinates in the world reference frame.

presence of the external impulse and a point contact model, given that the current
humanoid robots cannot kick fast enough to produce considerable deformation on
the ball.

4.1. Orientation of the ball

By idealizing the ball as a plain sphere of radius r, it does not have any inherent
orientation. However, in order to introduce the impact coordinates, (¢g, 6;), into the
model we can consider that its local reference frame, { B}, is oriented in such a way
that the ball is always kicked at the same point described in the local reference frame;
that is, the contact point on the ball, £ D, has a constant representation on {B} (see
Fig. 4), given by

Bpe, =[-rp 0 0]7. (11)

Then, if we describe the orientation of { B} with respect to {WW} by using the Euler
ZYX convention and the orientation coordinates (¢p,0p,%g), we will have the

N V.0

chB
fcsﬂ(\? le

Fig. 4. Relationship between the ball reference frame and the world reference frame.
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following correspondence with the impact coordinates: ¢y = ¢dp(t)) and 0, = 05(%),
where ; stands for the initial time. The rotation matrix that describes the orienta-
tion of { B} with respect to {W} is denoted by Rp(¢3,0p,15), and expressed as
CpCo  —S8pCyp T CpSpSy  SpSy + CpSeCy
Rp = |8,c cCyCy+ 55808, —CySy + Sp8pCy |, (12)
— Sy Co S,L;) Cy Cw

where ¢, = cos ¢, 5 = sin¢p, ¢y = coslp, sy = sinflp, ¢, = cospp and s, = sin Y.
Let us remark that only when 6 = £ the matrix Rp becomes singular; that is,
when describing the highest and lowest points of the ball, which are not of interest to
the task as no useful kicks can be attained at those points.

4.2. Lagrange equation of the ball

Let us describe the configuration of the ball, gg € R®, by using the set of generalized
coordinates given by the position of its CoM, pg,, and its orientation coordinates, as

T
qp = [qﬁ, qﬁ} = [po,, Po, Po, o8 98 ¥r]. (13)

If the mass of the ball is denoted as mp and its inertia tensor with respect to its
center of gravity as Ip, then its kinetic energy, 73, is given by

1 1
Tp = §mB’U£B”OB + 5“’3 TIpwpg, (14)

where vg, and wpg are the linear velocity of CoM of the ball and its angular velocity,
respectively. The linear velocity is related to the rate of change of the position
coordinates by

T . T . .9 .92 .9
V0,Y0; = P0gP0s = POy, T PO, + PO, (15)

The angular velocity, on the other hand, is related to the rate of change of the
orientation coordinates (¢, 05,1 5) given that the skew-symmetric matriz of the
angular velocity vector of the ball, denoted as &, is a function of Ry:

@p = (Rp)(Rp)". (16)
Remembering that a skew-symmetric matriz @ of a vector w is defined as
0 -w, w, W,
D= | w, 0 —w,|, Yw=|w,]|, (17)
—wy, w, O W,

then the vector wp can be extracted from Eq. (16) and written as

0 —sy cyop Op
Wwp = 0 Cy 8¢Cﬁ éB = QB‘jB,u (18)
1 _ .
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Finally, the inertia tensor of the ball can be expressed as
Iy = meBTZQ?E:i; (19)

where E, € R3%3 is an identity matrix and pp is termed as the construction coeffi-
cient of the ball. This one lets us generalize the inertia tensor to any type of ball,
whether it is a filled sphere with constant density, pp = %, an ideal hollow sphere,
o= %, or any other spherical construction. For example, according to Brody,'’ for a
pressurized tennis ball pp = 0.535, whereas for a pressureless one pp = 0.509.

On the other hand, the potential energy is given by
Vg =mpg”po,. (20)

Having done this, the Lagrangian is calculated as Ly = 7z — V3, such that the dy-
namical equation of the ball during the impact can be expressed by

— o ——— = Qp, (21)

where Qp € RS stands for the resultant of all the generalized forces at the moment of
the impact. Assuming that only two generalized forces are present: one related to a
non-impulsive normal force exerted by the ground at the lowest part of the ball,
Q,, € RS (assuming that the ball is not hit against the ground), and one related to
an impulsive force created by the impact, Q. € R6, then we have Qg = Q,, + Q.-

4.3. Description of the impulsive force
In order to calculate the generalized impulsive force created by the impact, we need

first to express Bp,, defined in Eq. (11) in {W} as

Pog, — TBCyCo
De, = Poy + RpPpe, = | Po,, — 78566 |, (22)
Doy, T TBSY

from which the Jacobian Jg ., € R3*6 that relates the velocity of p.,, denoted as
v, wWith ¢p is calculated by differentiating the last equation with respect to t as

1 00 TBS¢09 TBCySp 0
JB.c,v = 010 *’I"BC(»CQ 7”354)59 0f. (23)
001 0 rgcg 0

The transpose of this Jacobian, Jﬁw, relates the force f., applied to the point
P, with the generalized impulsive force Q.,; that is,

QcB = Jg,c,vch' (24)

Also, in a similar way, @, can be written as Q,, = Jg}sA’vfsB.
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4.4. Impulsive contact model of the ball

One way of computing the impulsive contact model of the ball is suggested by
Walker.”’ The dynamical equation of the ball in Eq. (21) can also be expressed as

MB&B + CB + gB = Jg,s,v.fsB + Jg‘c,vfcﬂa (25)

where Mp € R%%6 corresponds to the mass matrix, whereas Cp € R® and G € R
correspond to the coupling and gravitational vectors, respectively.

This dynamical model is valid only during the short time that the collision lasts;
that is, from #, (the instant of the impact) to ¢, + At. Let us integrate Eq. (25) in this
period of time and assume that At is too small that it is possible to idealize it as
At — 0. Under this assumption, the position and orientation of the ball remain
constant during the period of contact. Also, all the velocities, the gravitational effect
and the non-impulsive forces are assumed to be finite, such that the integral terms

ftzﬁm Cpdr, ftz“+At Gpdr and ftZ“J’At JB. s ufs, AT become zero as At — 0.2 On the

other hand, f tZ"'+At fe, d7 produces a finite impulse, denoted by ch, such that
MpAdp = Jg oo fo (26)

where Agp = ¢p(t;) — gp(t;) (as At — 0, t; and ¢ will be used to refer to the
instants just before and after the impact, respectively). The expression Eq. (26) corre-
sponds to the principle of generalized impulse and momenta, which can also be written as

Aq‘B = Mgng,c.v chv (27)

given that Mp is a positive-definite matrix and its inverse exists.

4.5. Impulsive contact model of the humanoid

Let us describe the configuration of a humanoid robot of n structural degrees of
freedom (dof), g € R™™%, by using the set of joint variables, g, € R", plus the
position and orientation of a link of the robot chosen as a reference, qr, € R3 and
qr, € R3, respectively. This reference link can be the waist of the robot or its support
foot. In this way, gg = [@ }Qg q gp q 1{ ] 7. Then, the dynamic model of the humanoid
robot can be expressed in a similar way as for the ball, Eq. (25), as

TR

Mgpir +Cr+0r = [ 0

:| + Jﬁ,s |:£ZI; :| - J}i,c,v.ch' (28)

In a similar way, My € R(t6)>(+6) corresponds to the mass matrix of the robot,
whereas Cp € R® and G € RS correspond to the coupling and gravitational vectors,
respectively. Also, T € R™ comprises the joint torques, whereas f;, and 7, represent
the force and moment exerted by the ground to the sole of the support foot and —f.,,
the reaction exerted by the ball (same magnitude and opposite direction) on the
selected operational point; that is, the contact point on the foot of the robot, p,,.
The Jacobian that relates the velocity of this point, v, _, with the rate of change of the

cRp’
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generalized coordinates of the robot, g, is denoted as Jg ., € R3%(n+6) whereas the
Jacobian that relates the linear and angular velocities of the sole of the support foot to
these generalized coordinates is denoted as Jp s = [Jf 4 Jfsu]’ € ROX(H0),

Let us assume that the generalized impulsive force is small compared to the joint
torques required to produce the motion of the robot (a realistic assumption). Then,
we can imagine the robot at the moment of the impact as just one rigid object (not an
assembly of links) and propose an alternative dynamic model by considering the
generalized coordinates qp € RS, such that gp = [q gp q }{] T In this way,

MR&R‘FéR‘FgR :jlg,'s[iz}zil _jlg:c,vch? (29)
R

where My € R6*6, Cp € R®, Gg € RS, Jp, € R0 and Jg,., € R**0. The “bar”
over each variable indicates that it corresponds to the alternative dynamic model. By
integrating Eq. (29) from ¢, to t + At such that At — 0 and considering similar
assumptions as for the case of the ball we get
v k FT ]Zs 7T e
MRAqR :JR,s l% Bl= JR,c‘v f037 (30)

SR

where we considered that the ground reaction was also impulsive. The impulsive
force exerted by the ball on the robot will be directed against the floor or parallel to it
and compensated by the ground, as no penetration is allowed and supposing that the
friction between them is large enough to prevent sliding.

Assuming that every link of the robot has nonzero mass, length, and moment of
inertia about its CoM, My will always be a positive-definite matrix,?' and Eq. (30)
may be expressed in a similar way as for the ball, as

SR

AéR = Mgl (J_gs

_J_ngc,vfc3>' (31)

5. Required Impact Conditions

Let us consider Eq. (26). This equation is a nonlinear function of ch, ¢p, 0p, ¥p and
Agp. However, by considering that the ball is steady just before the impact we have
dp(t;) = 0, so that Agp = ¢p(t; ), which is a function of the required initial linear
and angular velocities of the ball, vg, ¢ and wp o. In particular, wp is closely related
to dp(t)), Op(t;) and () by means of Qp. By expanding Eq. (26) we get six
equations corresponding to each of its components. The first three equations relate
the applied impulse to the initial linear momentum of the ball, such that we can
directly calculate ch as

fer = mpvo,0. (32)
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On the other hand, the following three equations give us the relationship for its
initial angular momentum, from where it is possible to calculate the necessary impact
coordinates ¢y = ¢p(t;7) and 6y = 03(¢;") by solving:

fep.86Co — fcny%co + ppmpTEYR, S5 = PRMBTEYB,,
fes,Co89+ fey, 595 + fey.co = ppmpralp,, (33)

®B,5 = VB,

where ¢, = cos ¢y, sy = sin ¢y, ¢y = cos)y and sy = sin ). However, this last system
of equations is overdetermined as we have three equations but just two unknowns.
This means that we cannot specify the rate of change for the three orientation
coordinates independently, but only for two of them. We arbitrarily choose to specify
é 5, and 930, and to treat ¢ B, as a variable whose value depends on the evolution of
the system. In this way, we shall solve:

fCBTS¢> - chy Cy — meBTBgZ)BO ¢y =0,

_ ‘ v . (34)
feg,Coso+ feg, 895 + [fep.co — ppmprptp, = 0.

5.1. Main components of the impulse

When two rigid bodies collide, a point on the surface of one of them is coincident with
a point on the surface of the other at the contact point p, during the brief period of
contact. If at least one of the bodies has a surface that is topologically smooth at the
contact point, there is a plane tangent to this surface at this point. If both bodies are
convex and the surfaces have continuous curvature near the contact point, then this
tangent plane is tangential to both surfaces that touch at p,; i.e., the surfaces of the
colliding bodies have a common tangent plane.?>

Then, the impulse ch may be resolved into two orthogonal components (Fig. 5)
with respect to this common tangent plane: (i) a normal component ( f,, ) which is
directly related to the change in relative motion of the points that come into contact,
and (ii) a tangential component ( ch ,) which has to be produced just by the effect of

Fig. 5. Normal and tangential components of the impulse.
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friction®*?? so that
Jep = Jepo + Fep, = Jop, T+ fop L, (35)

where % and % are the unit vectors directed in the directions of the orthogonal
components. Also, it is worth to notice that the magnitude of the tangential com-
ponent is limited by the coefficient of friction, p, as

Fopr S Wfop - (36)

This inequality must be considered when solving Eq. (34), as explained later.
The vector # can be calculated from Eq. (22) as

_ CyCoy
= PO P _ | ] (37)
[Pos — Peyll Zs

such that for the magnitude of the normal component of the impulse we have
Jeg, = Jey- M= fo, coco+ fc,gy%ca — fep. %0 (38)

The vector & can be found by first realizing that it must lie inside of a unit circle
perpendicular to f2. Let us parametrize this circle by using the angle ~, such that

. —CyS5 T 5,CySp
E=| e tssm |, (39)
Sy Co

where c, = cosy and s, = sin~y. Then, for the magnitude of the tangential compo-
nent of the impulse we have

fCB[ = fep  t= —fop, 0186 + 8480+ fop, o+ foy. 815050 + 5,Co (40)

of.
(f;f‘ = 0, such that

from which the angle v can be found by solving

fcn«nsﬁﬁ B fcl?y Cy >

™
v = +—+ arctan
2 Jeg, €o80 + fey, 650 + Jey. Co
5.2. Solving the impulsive contact model of the ball for ¢, 0,

The nonlinear system of equations shown in Eq. (34) shall be solved for ¢, and 6, by
using a multi-objective optimization procedure as it is the goal attain method.?* This
one solves the multi-objective optimization problem defined as

min 7 (y), (42)

where y is the design parameter vector, N is the feasible parameter space and F is the
objective vector function, by converting it into the following nonlinear programming
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problem:

min ¢ such that { (43)

Flyy —w-(<n
Cyer 0 '

c(y) <

Here, 1 is a vector of goals for the designed objective vector function F, w is a
vector of weights such that w; > 0Vi, and ¢(y) < O represents a set of nonlinear
inequalities that constrain the solution of the problem. The minimization of the
scalar ( leads to the acquisition of a non-dominated solution which under- or over-
attains the specified goals to a degree represented by the quantities w; - .?

For this optimization problem, based on Eq. (34), we define

ch,S(s - fcgy% - meBTBQbBO Cy

Fly) =] - ~ - e (44)
Jes, €80 + fey, 680 + Jey. o — pmBTEOR,

Y= [90 ¢0}T7 (45)

n=1[0 0]7, (46)

whereas for w, we set an arbitrary value of w; = 0.001Vi. The set of nonlinear
inequalities ¢(y) < 0 is used to ensure that Eq. (36) holds.
Let us rewrite Eq. (35) by considering Eq. (38), such that

forr = | Foo = (i)

; (47)

which can be substituted into the inequality shown in Eq. (36) and squared to get

Fon = (Rt < 2 Fiin) . (48)

Then, after expanding this expression we have

~T ~
fanz\T2tfe o, (19)

which can be expressed, for this optimization problem, as

C(y) = FB - fCBz CyCp — chysq‘)ct‘) + fCste < 0. (50)

This inequality represents a circle on the surface of the ball, over which the impact
should occur in order to accomplish the constraint imposed by the coefficient of
friction.

An efficient set of initial values for ¢, and 6, for the optimization problem is the
one that would be required in case of a direct impact; that is, if we ask for an angular
velocity of wg o = 0, which is equivalent to ¢ () = 05, (t]) = ¥5,(¢;) = 0. In this
case, the impulse is fully described by its normal component, resulting in an easy
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calculation of these initial values, given by

¢y = arctan 2 (Uo&,,o, UOBT) ; (51)

0y = —arctan2(v0m,0, \ /”Zom.o + U%Bwo). (52)

5.3. Calculation of the approaching velocity

Assuming that the bodies in contact at the moment of the collision are rigid, the
mathematical theory of rigid body collisions can be used: when two rigid bodies
collide, the relationship between the normal velocities of both at the contact point

(p.) just before and after the impact can be expressed by'®*"-*%:

(Av,, — Ach)Th =—(1+€)(ve, — vCR)Th. (53)

where e is the coefficient of restitution (CoR) between the ball and the swing foot,

and v, v., stand for the velocities of the point p, on the ball and on the foot (the

cp
operational point), respectively. The increments of velocities Awv,, and Awv,, are
calculated by means of the results shown in Egs. (27) and (31), respectively, and the

corresponding Jacobians, as

Ach = JBﬁc,uAQB

= JB.C,vMéng:c,v chv (54)
Ach = jR c,vAéR
71 7T f = —-—1 T
- JR cv MR JR,s - JR,C/U MR JR,cAv ch' (55)
Tsp

But also, a similar relationship applies for the sole of the foot, given by

lA'vsR

= Jp AQ
AwsR R.s24R

Tsg

I o r
=JR,SMR1JR,Sl — Jrs Mg Jg ey oy (56)

Let us assume that the relative motion between the sole of the foot and the ground
produced by the impact is negligible, and that Jg, is not singular. Then, from
Eq. (56) we approximate

——1 7T | Js ——1=T %
MR JR,s l TR] ~ MR R,c,v fc37 (57)
Top
and substitute into Eq. (55) to get
Av,, ~0. (58)
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Substituting these expressions into Eq. (53) and assuming that the ball is origi-
nally steady we compute the normal component of v.,, v, ; that is, the desired
normal approaching velocity of the operational point, as

T

CRn:’chﬁ
ch T ch T bre
= 2y Tyen 4+ 2 pTYpt 59
1+en y3n+1+en yBJ ( )

where chn and f ¢y, are the normal and the tangential components of the impulse
and Yp is the mobility matriz of the ball, given by

yB = JB,C.’UM.Eng,C.’U‘ (60)

In order to calculate the tangential component of v.,, v, , it is necessary to

CRpt?
consider that the ball slides at the beginning of the impact, acgélerating its angular
motion until the ball starts rolling. If Eq. (36) holds,?® the ball starts rolling without
sliding before the impact ends. It means that the contact points on both the foot and
the ball should be moving with the same velocity (no relative motion) at the end of
the impact. As Awv,, ~ 0, as seen in (58), v, will be approximately the same at the
end of the impact, then

= vg; t= A'vg; i

=f, WTYVpt+ f, tTYpt. (61)

UCR t

In this way we can calculate the required approaching velocity of the operational
point on the foot at the instant of the impact as

v

¢ (62)

Vep = Ve, T+ Uy, T

But this velocity depends on
W' Vpit=mp,, EVpt=my, #Vgt=—mp; (63)

that is, the corresponding inverse of the effective mass perceived at the contact point
in response to the application of the impulse along each axis, or interaction between
axes.?” These ones are constant values, calculated as

mp. =mg', mpl=mz' (1+p7Y), mz =0. (64)

nn nt

6. Humanoid Configuration During the Impact

This section describes our proposed approach for defining a configuration for the
humanoid robot at the instant of the impact. Let us define three frames: {Sup}, {C}
and {Swg}, rigidly attached to the support foot, the waist and the swinging foot of
the robot, respectively, as depicted in Fig. 6. By knowing the initial position of the
ball, po, 0, and the impact coordinates, (¢, ), we can calculate the contact point
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(Po.-Re)
)_’ k’ ©

{W}
posw ng
Rour I<\ {Swg}
{Sup}

Fig. 6. Frames of the robot used to describe its configuration.

described in the world frame, p,, as
Dc = Pogo — rpih. (65)

Then, by proposing for the humanoid robot: (i) the attitude of the support foot,
(po Sup Rg,,), (ii) the attitude of the waist at the instant of the impact,
(Po,(t), Re(1y)), (iii) the operational point on the swing foot described in {Swg},
S“’gpcR (Fig. 7), along with the orientation of this foot also at the instant of the
impact, Rgyg(t;), and (iv) the configuration of all the remaining kinematic chains
(trunk, head and arms), we can calculate the robot’s configuration gg at #, by solving
its inverse kinematics problem.

The attitude of these links can be chosen arbitrarily, as long as the resulting
configuration of the robot be feasible and dynamically stable. However, for the swing
foot some remarks should be considered. Ideally, any point on the swing foot could be
chosen as the operational point for the impact. But, as it is mentioned in Sec. 5.1,
there is a close relationship between the chosen operational point and the orientation
of the swing foot: the tangent to the surface of the foot at the operational point
should coincide with the tangent to the surface of the ball at the contact point; that
is, the normal vector to the surfaces of both objects at the contact point should have

Swg Z Swg
= pc
R

7 4
/ Sng

Fig. 7. Description of the operational point in the swinging foot frame {Swg}.
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the same orientation. Let us select a feasible operational point leading to a minimum
change in orientation for the foot in order to meet the requirement stated above, by
means of the procedure explained in the following.

Suppose that we have a 3D model of the swing foot represented as a polygonal
mesh and described as a graph structure M = (7,)). This one consists of a set of
vertices, V = {Sp, ... Swp, }, SwIp, € R3, and a set of triangular faces con-
necting them, 7 = {I',...,T'rp}, T'; € V x V x V, where every vertex is described in
{Swg}.”® As an example, the 3D model of the foot of the HRP-2 humanoid robot is
depicted in Fig. 8. After heuristically selecting the triangles composing the mesh that
are feasible for kicking the ball, 7y, C 7, we calculate the centroid S*¢ cr, and the
unitary normal vector S"’Q'hri of each triangle IT'; € 7., as shown in Fig. 9.

After representing each normal vector in the world reference frame, we compute
the angle between each i, and the normal vector 7 calculated in Eq. (37), in order
to find the triangle I'y,; whose orientation is the most similar to the tangent plane at
the contact point on the surface of the ball; that is,

T, = arg min arccos('ﬁffih). (66)
€Tk

The centroid of this triangle Ty, %9 cr,,, is chosen as the operational point,
Swg De,» Whereas the orientation of the foot is calculated such that its normal vector,
np_,, coincide with the direction of #. For that purpose, let us describe the orien-
tation of the swing foot by using a set of orientation coordinates (Euler angles)
following the Euler ZYX convention, (@gyy, 0gug: Vsug), upon which Rg,, is built.

During the impact, at ¢ = t;, Rgyg k(Dsug i Osuwg.k> YVsugr) is calculated as:

Psug,i = arctan 2(n,n,) — arctan 2(np_,fip_,), (67)
0wy, = arccos(n,) — arccos(nr,,,), (68)
wag,i =0. (69)

(a) (b)

Fig. 8. The 3D model of the foot of the HRP-2 represented as: (a) a solid object and (b) a wireframe.
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Fig. 9. The 3D model of the foot showing the triangles that were heuristically selected (the dark ones), as
well as the unitary normal vector of each one placed at the corresponding triangle’s centroid.

7. Kicking Motion Planning

The function shown in Algorithm 1 implements all the processes described until now
by specifying as input parameters the initial conditions of the robot and the ball, as
well as the goal specifications, and returning the required impact conditions: the
impact point, p,, the selected operational point, $@9 Dy, the orientation of the foot at
the instant of the impact, Rg,q 1, and the approaching velocity, v,

Then, once this velocity is known, it is possible to propose a suitable 3D trajectory
satisfying some specific position/velocity values at the instant of the impact. This
can be accomplished by shaping the trajectory with cubic B-spline curves, as these
ones have superb properties: (i) the curve is contained entirely inside of the convex
hull of its control polyline and (ii) the curve can be locally controlled.””

7.1. Definition of the cubic B-spline

A cubic B-spline curve made up of n segments, s;(u), and delimited by n + 1 knots,
p;, is governed by n + 3 control points, g;.>° This curve is defined as a weighted sum

Algorithm 1 Function for computing the required impact conditions
function IMPACT_CONDITIONS(initial conditions and goal)

V05,0 <= BALL_TRAJECTORY (P0oy,0,PG) > Projectile motion
(90,60, fer) <= APPLIED_IMPULSE(v0y,0, WB,0) > Impact coordinates and
impulse

Pe <= CONTACT_POINT(poy,0, $0,60)
(SwgpcR, stg,k) < SWG_FooT_CONFIG(¢g, 0o, fes) > Select operational
point
Ver < APPROACHING_VELOCITY (e, mg, pB, ¢0, 0, fp)
return pe, Swgpca) RS'wg,k, Ver
end function
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of its control points, such that

s;(u) = Z bi(u)giyj, Vi=1,...,n,

j=—2
1 3 -3 1

b=[by by by b]=<[u® u u 1] 5680 (70)
6 3 0 3 0
1 4 1 0

Also, u=[0,1] in order to achieve C'! continuity; that is, s;(1) = 8;,1(0) and
s5(1) = s5,1(0). This parameter u can be scaled in time, by doing u = t/7, where
t = [0, 7] and 7 is the time required to travel one segment. Then, traveling a curve
made up of n segments requires a total time T, = n7. The extreme points of each

segment (the knots) are calculated by

1 )
pi:E(qi71+4qi+qi+1)7 Vi=0,...,n, (71)

while the velocities at these extreme points are given by

1 .
=—(qiy1 — ¢i1), YVi=0,...,n (72)

Yi 2T
This cubic B-spline is an approximating curve. Its shape is determined by its
control points, g;, but the curve itself does not pass through those. Instead, it passes
through the knots, p;.*’ By using Eqs. (71) and (72) it is possible to interpolate a set
of n+ 1 data points, py, ..., p,, with a curve made up of n segments, which starts
and ends with given velocities vy and v,,.”" Rearranging Eqs. (71) and (72) into a
matrix form we get

Algy q - qn (In+1}T:[170 Do ' Pn vn]Ta (73)

where A € R("#3)x(n13) i5 given by

(—3/7 0 3/7 -+ 0 0 0]
1 4 1 0 0 O
o 1 4 --- 0 0 O
0 o o .- 4 1 0
o o o0 - 1 4 1

.0 0 0 - -3/7 0 3/7]

and 7 is calculated by dividing the total time T, by the number of segments in equal
parts; that is, 7 = T,/n. This coefficient matrix is non-singular and therefore Eq. (73)
has a unique solution.
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7.2. Trajectory planning

By using cubic B-splines we can now construct a trajectory for the swing foot, in
order to take the operational point defined on it from an initial position to a final one
while passing by the desired contact point on the ball with the required approaching
velocity. Although there are many ways to achieve this motion, generally it will be
divided into two phases,*' each one described with a different cubic B-spline: (i) the
swing phase which detaches the foot from the ground (with an initial zero velocity)
and drives the operational point from its initial position, p., o, to the contact point,
P., with the required velocity, v,,, and (ii) the follow-through phase which drives the
operational point on the foot moving with a velocity v, from the contact point, p,,
to the final landing position (with zero velocity).

The landing position can be chosen arbitrarily as long as it is inside of the robot’s
workspace. We arbitrarily chose it to be the same as the initial one. Then, for each
cubic B-spline we know already the extreme points of every segment and the ve-
locities that should be attained at these ones. In addition, to have a better control of
the curve we propose to add an auxiliary knot to each phase, pg,,, manually tuned to
avoid hitting the floor, the support leg or the ball (before the desired instant of
impact). See Fig. 10.

It is worth to mention that sometimes the required trajectory may not be con-
tained inside of the corresponding workspace, unless we shorten the time span T of
each phase. However, this action may lead to trajectories that are not feasible on a
real robot. In general, a shorter time span will lead to shorter curves, so that they can
fit in the workspace. However, it implies that the foot will reach the desired velocity
in a shorter time; that is, they will require higher acceleration values and conse-
quently, a higher joint torque, which may be physically impossible to achieve by
using the actuators of a real robot.

8. Stabilization

Once the trajectory for the foot is decided and the leg motion is produced, the robot
should maintain its stability while this motion is being performed. This can be done
by moving the waist of the robot horizontally (or its upper limbs) such that the zero
moment point (ZMP) remain inside of the polygon of support.*” In this work, we used

Fig. 10. Proposed trajectory for the operational point as seen on the sagittal plane. The darker trajectory
corresponds to the swing phase, whereas the lighter one to the follow-through phase.
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the method proposed by Nishiwaki et al. to generate a waist trajectory capable of
stabilizing the robot’s motion.** 3

Let the motion of the humanoid robot be characterized by the trajectory of its
COM, p.p, and its linear and angular momenta about the origin of the world ref-
erence frame (Ow), Pr and Lgg,, respectively. The ZMP for this motion,
Pom = [Pom, Pem, Pem,] T considering P.m, = 0, is calculated as

_ ijcmszg - 'CRy,OW

Pom, =

» N ﬁcmyng + ﬁ.Rl‘OW
e T,

, 75

where mp is the total mass of the robot and ¢ is the acceleration due to gravity.
However, in order to use the method of Nishiwaki et al., it is first necessary to assume
a simplified model of the robot, regarding it as a single point mass located at P ..
Here, the upper “bar” is used to distinguish the corresponding variables from the
ones of the multi-body model. This method assumes that the vertical motion of this
point is known, i.e., Py, Pem, and P, are known. Then, it is just necessary to
calculate the horizontal motion, p,,, and p., , capable to attain a desired ZMP.
The corresponding linear and angular momenta for this model are given by

7512 = mRi’cma (76)
ZR.,OW = I_)cm X mRﬁcm' (77)
These ones can be substituted in Eq. (75) to get

Pem, Pem,

: (78)
Dem, + 9

Z_)zm, = ﬁcmm -
where we have considered only the z-component (a similar procedure applies for the
y-component). Let us discretize the horizontal acceleration of the single point mass
by considering a sampling time At:

_ ﬁcmw,ifl - 2pcml,i + ﬁcmz,iJrl

ﬁcmm,i - At2 ) (79)

where D, ; := Do, (iAt) and i = 1,...,n with n being the total number of samples
of the trajectory. Also, it is assumed that p.,, 1 = Dem, 0 and Pey ni1 = Dem, n-
Using this approximation, the discretized ZMP equation is expressed as

pzmz,i = aii)cml,ifl + biﬁcmx,i + Ciﬁcml.,iJrla (80)
where the coefficients a;, b; and ¢; are calculated as:
a; = C; = _ﬁcmz,i/[(ﬁcmz,i + g)At2], (81)

bi = 2§cmz,i/[(ﬁcmri + g)AtQ] +1 (82)

Let us notice that the same coefficients a;, b; and ¢; apply for p.,, ; Or Pem, -
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1\IOW7 let us define ﬁclml = [pcmm,i ﬁcmy,i } T and i);mz = [ﬁzm,,i ﬁzmy,i ] T. Then, it is
possible to rearrange Eq. (80) in matrix form to get:
_ _ T _ _ T
[pz/m,l T pz/m.,n] =A [pémm T pc/m,n} ) (83)
ﬁz/m,all = A(ﬁc/m,all)a (84)

where A € R™" " is given by

aq + bl cp 0 O
[2))] b2 e O 0
a-| s )
0 0o - bn—l Cpn—1
0 o -+ a, b,+c,

This coefficient matrix is non-singular and therefore Eq. (84) has a unique solu-
tion. A is a huge square matrix consisting of several thousands of rows and columns,
given that n is the total number of samples taken for a certain motion. Still, it is a
tridiagonal matriz whose elements are all zeros except of its main diagonal and the
adjacent diagonals. For such a matrix, there is an efficient algorithm to compute its
inverse, reported in Ref. 36. The result, however, is just an approximation.

Let us suppose that we have defined an arbitrarily preliminary trajectory for the
waist of the robot that ensures static stability but not dynamic one. Then, the
trajectory for the ZMP corresponding to the actual motion of the multi-body model,
D.m, can be calculated by using Eq. (75), discretized by considering a sampling time
At, such that all the samples be arranged in matrix form as

DPom,all = [pzm,l T pzm,n]T- (86)

Let us arbitrarily specify a desired ZMP trajectory, discretized in the same way,
p;”m,a,,, which ensures the dynamic stability of the multi-body model. The error
between the desired ZMP trajectory and the one for the actual motion is given by

d
€.mp,all = Pzm,all — Pzm,all- (87)

By using this error in place of the approximated ZMP trajectory for the single
point mass shown in Eq. (84), we can calculate the horizontal variation of the CoM
capable of compensating the ZMP error as

Apcm,all = Ailezmp,alla (88)

where A is calculated by using the actual values of p.,,_; and p,_; of the multi-body
model. Then, the trajectory for the CoM is updated as

Demall “= Pgiiau + APem.all- (89)

However, the trajectory for this point cannot be directly manipulated as it is the
result of the configuration of the robot evolving in time. Still, it is possible to
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Algorithm 2 Function for computing a stable waist trajectory

function BALANCER(p Old[ ], Rci, qrlil, p2,,[i])
P[] + pgLli]
for j+ 1,2 do
(Pzm[i], Peml[i], Pem|i]) < CALC_DYN(pg2°lil, Re[i], qrli])
> Actual COM and ZMP
ezmpli] pZm [i] = Pzmli] > ZMP error

(ali], bli], c[i]) <= CALC_COEFFICIENTS(Demm, [t], Dem., [¢], At)
> Coefficients’ calculation
Apoi] < TRIDIAG(ali], b[i], c[i], ezmpli]) > Calculation of A~ e mp,au
PoL [i] < poalli]l + Apocli] > Update values
end for
return pg il
end function

approximate the horizontal variation of the CoM to the horizontal variation of the
waist position, Apg oy & Apenau, and repeat this process iteratively until the
ZMP error becomes small enough (typically only two iterations are necessary to
produce a good approximation); that is,

new ,__ . old -1
POg.all = POgall + A €mpan- (90)

The function shown in Algorithm 2 implements this process by specifying as
input parameters the discretized trajectories for: the preliminary waist attitude
(p‘(’)lg[ ], R¢li]), all the joint angles of the robot gg[i] and the desired ZMP p2,,[4],
and returning an updated waist position trajectory, p?fcw[ i], that attains the desired
one for the ZMP with enough precision. The complete algorithm for kicking the ball
is shown in Algorithm 3.

9. Simulation and Experimental Results

In order to assess the validity of our approach we simulated a set of kicking motions
performed by the HRP-2 humanoid robot on a regular volleyball. The motion of the
ball after the impact was analyzed in every case, and compared to the desired one, in
order to statistically evaluate the performance of the proposed algorithm. These
analyses are reported in Sec. 9.1.

Having done this, one kicking motion is taken into consideration to be tested on
the real robot, and also simulated for effects of comparison and detailed analysis.
This one is reported in Sec. 9.2.
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Algorithm 3 Impulsive pedipulation algorithm

Require: Ball information, robot information and CoR(e)
Require: Initial ball position poy[0] and initial robot configuration gg[0]
Require: Goal position of the ball pg, reaching angle 6,, r and angular velocity
WB,0 = WB,f
Require: Kicking time t; and sampling At
Generate temporal waist position trajectory p"olg [i]
Generate desired ZMP p?,_ [i]
(Pes Vers S¥9Per s Rswg,k) <= KICK_CONDITIONS (initial ones and goal)
> Contact point, approaching velocity, operational point and foot orientation
> See Algorithm 1
(Peri], Rswgli]) < FOOT_ATTITUDE-TRAJECTORY (Pe, Vep, %IPer s Rswg,k)
qrl[i] < INVERSE KINEMATICS(pg& [i], Rc i), Pegi], Rswgli])
P2 [i] < BALANCER(p@E [i], Reli), qrli], P2, [i]) > Stabilizer
> See Algorithm 2

9.1. Set of simulation erperiments

The humanoid robot HRP-2 is 1.539 m height and weighs 58 kg (Fig. 11(a)).*" It has
30 dof: six in each leg, six in each arm, one in each hand, two at the waist and two at
the neck, arranged as shown in Fig. 11(b).

In order to simulate the kicking motion we used the parameters for the volleyball
reported in Table 1. These ones are based on a real ball available in the laboratory.
The radius (r3) and the mass (mp) were directly measured, while the construction
coefficient (pp) was estimated, supposing that it may be similar to a tennis ball, given
that both are formed by layers.”* The coefficient of friction (1) between the foot and
the ball is arbitrarily considered to be small, given the slippery interaction between
the corresponding surfaces. Finally, the CoR (e) was directly measured by using the
bouncing height of the ball over the frontal surface of the foot, maintained as hori-
zontal as possible. The ball is initially located over the origin of the world reference
frame, such that for its initial position we have pg,o =[0 0 73] T

Let us place the humanoid robot in such a way that while standing in its reference
configuration its cardinal sagittal plane be parallel to the XZ-plane of the world
reference frame, and its swing foot before detaching be —0.35 m behind the ball. This
distance was heuristically selected given that it allowed more kicking trajectories to
be feasible. Also, the height of the waist was heuristically selected (po,, = 0.6m), a
little bit lower than in its reference configuration to increase the workspace of the
swing leg but not so low to demand so much torque from the knee. These parameters,
reported in Table 2, lead to the setup shown in Fig. 12.

Then, a set of motions was designed by specifying seven parameters, six of them
related to the desired 3D goal and angular velocity of the ball and one related to the
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(a) Real robot. (b) Structure.

Fig. 11. HRP-2 humanoid robot.

Table 1. Volleyball parameters.

Radius(r) 0.099 m
Mass(mg) 0.25kg
Construction coefficient(p)  0.535
CoR(e) 0.84

Coefficient of friction(u) 0.07

Table 2. Initial robot parameters.

Support ankle position (po,,,) [-0.35, —0.19, 0.105] T m
Initial waist position (pg,.0) [—-0.35, —0.095, 0.6] " m
Initial swing ankle position (po,, o) [-0.35, 0.0, 0.105] " m

kicking trajectory: the time span for performing the swing phase of the kicking
motion, Ty, These parameters are listed in Table 3 together with the tested
values. Each motion was defined by varying only one parameter. This means that for

the test bench shown 840 different motions can be generated. However, not all of

them are feasible for five principal reasons: (i) the swing foot leaves the corresponding
workspace in at least one point of the trajectory, (ii) at some point of the produced
kicking trajectory the sole of the foot (the rear end or the front end) collides with
the floor, (iii) the swing foot collides against the support leg (self-collision), (iv) the
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Fig. 12.  Setup for the set of kicking motions.
Table 3. Test bench parameters.
Swing phase time span (T, [s] 0.7,1.0
Ball’s yaw velocity (ii’zo) [°/s] 0
Ball’s pitch velocity (920) [°/s] 0
Reaching angle (67, ;) [°] —-15, —10, =5, 0
Goal’s frontal distance (p‘(i;l) [m] 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0
Goal’s lateral distance (p‘éy) [m] —0.2, 0.0, 0.2
Goal’s height (p ) [m] 0.1,0.2, 0.3, 0.4, 0.5

produced joint trajectories are not completely inside of the joint limits, or (v) the
joint velocities surpass the corresponding maximum values. These limitations se-
verely reduce the feasible set of motions. Still, in order to evaluate the algorithm and
take advantage that in simulation we can ignore the last three cases, we will drop the
motions not complying with the first two: when the inverse kinematics fail or when
the swing sole fails to clear the floor by at least 0.01 m. In this way, 149 feasible
motions were produced by computing in each case the joint trajectories of the robot
and a desired ZMP reference trajectory.

Each motion was simulated by using OpenHRP3,°® an integrated simulation
platform capable of performing realistic dynamic simulations and that was previ-
ously improved to include the capacity of simulating the ball dynamics.?” The virtual
model of HRP-2 implements the same controller built in the real robot, as well as the
dynamical effect of its impact absorption mechanism consisting of rubber bushes and
dampers. In this way, it behaves closely to the physical platform with the advantage
of having control of the physical properties of the environment.
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OpenHRP3 is able to release as output data the sequence of positions and orientations
for any object of the virtual world (the ball or any link), as well as the joint values for
the robot and the sequence of readings of each sensor. The sequence of positions of the
ball for each kicking motion was analyzed in Matlab, from which the attained goal
position, pg;, could be calculated. This one was taken at the moment in which the
centroid of the ball crossed the goal plane. Here, the superscript s stands for each
“simulated” value, whereas d will be used for the “desired” one. The remaining tra-
jectory parameters were calculated by means of a curve fitting process, by assuming a
fixed quadratic coefficient (— % g) for the Z-component. In this way, it was possible to
calculate a very accurate value for the initial linear velocity vg, (, described by its
components v(, g, ¢7, and 07, , as well as the reaching angle 0,, ;, by using Eq. (6).

The attained goal position was compared with the desired one by computing the
goal position error, considered as e,, = ||pg — p&|. Then, every error (in meters or
in terms of the radius of the ball, rz) was assigned a grayscale code according to
Fig. 13 and plotted at the desired goal position, p‘é. The interpolated results are
shown in Figs. 14 and 15. These figures show the goal position errors grouped by
blocks with respect to the desired reaching angle, anf = {-15,-10,-5,0}°, and in
wing = 10.7,1.0}. Then,
each block shows the results plotted in different grayscale maps, corresponding to
each desired height, pcévz. Each grayscale map represents the accuracy attained

columns with respect to the time span for the swing phase, T}

at each XY-coordinate, represented by p‘éx and p‘éy. Notice that only the heights
that were feasible for producing the kicking motion are shown. For example, by
considering Ofnf = —15° only the grayscale maps for pgz = 0.1 are shown, as with
that reaching angle attaining other heights implied a collision of the kicking foot
against the floor. On the other hand, by considering Ofnf = 0° no grayscale map for
pgz = 0.1 is shown. This is due to the fact that if the center of the ball is at that
height, its lower part is almost touching the floor. Then, the required approaching
velocity would be so big that the foot would have to travel a large trajectory to reach
an almost infinite velocity to hit the ball horizontally.

The goal position error, analyzed in terms of the radius of the ball rp, gives a
practical insight of the accuracy of the results. Let us calculate the percentage of the
experiments that were successful, where the success depends on hitting a target
whose size is less than 0.57g, rg, 1.5rg or 2rg. The results are shown in Table 4,
grouped with respect to the time span Ty;,,. The accuracy of the reaching angle can
be analyzed by calculating the corresponding mean values (u,,:w) and standard

deviations (oy: f) obtained in simulation for each desired value of the angle and also

grouped with respect to Tyyin,. The results are shown in Table 5.

L

>0.20m (> 2rz) 0.15m (= 1.5r5) 0.10m(=rz) 0.05m(=0.5r;) 0.0m

Fig. 13. Grayscale code for representing the accuracy attained for the set of experiments.
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Accuracy attained for H:il_ = —10°.

Fig. 14. Accuracy attained at each pg for wac = {-15,-10}° and T, = {0.7,1.0} s.

As can be seen from Table 4, the larger the time span for the swing phase is, the
larger the probability of success becomes. However, even with a short time span, the
percentage of complete failure is less than 10%. On the other hand, by taking a look
to Table 5 it seems that there is not any obvious statistical influence of T, on the
achieved reaching angle.

Every goal position, together with a reaching angle, requires a different initial
linear velocity vector v, ¢, making it not feasible to evaluate for each desired value
as in the previous cases. Instead, let us evaluate the errors regarding to its magnitude

(evOB_U = V0,0 — de370), to its azimuthal angle (e, = ¢35, — $%) and to its launch

angle (e(;my0 =050 Hfmo) by means of their corresponding statistical values,
grouped by the time span for the swing phase Ty, in order to evaluate its influence
on the results. These ones are shown in Table 6 and, as can be seen, it seems that the
larger Ty, is, the more the standard deviation of each error decreases; that is, the
kicking motion is more precise.

9.2. Single experiment analysis

Let us slightly modify the experimental setup as shown in Fig. 16, by adding a disk
between the ball and the floor, as well as a goal frame (detailed in Fig. 17).
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Fig. 15.  Accuracy attained at each pg for Ofmf ={-5,0}° and Ty = {0.7,1.0} s.

Table 4. Percentages of the N experiments for those that hit the
target p‘(i; within each tolerance.

Tolerance of error  Tyying = 0.75, N =100 Tyyipe = 1.05, N =49

<0.05m (<0.5r) 30.0% 42.9%
<0.10m (<7) 58.0% 69.4%
<0.15m (<1.5r) 75.0% 89.8%
<0.20m (<2r) 92.0% 100.0%
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Table 5. Statistical values for the reaching angles 87, ; obtained in simulation.

Desired reaching angle Tiwing = 0.7s (N = 100) Towing = 1.0s (N = 49)

Haos ; Ty, ; Hos, ; (o 05

—15° —20.3° 4.2° —22.7° 4.7°
—10° —14.4° 4.1° —15.2° 3.9°
—5° —6.6° 3.9° —7.3° 3.2°
0° —0.2° 3.8° —1.7° 2.9°

Table 6. Statistical values for the errors in velocities obtained in simulation.

Error in velocity Tywing = 0.7s (N = 100) Towing = 1.0s (N = 49)
He o He Oe
€ —0.38m/s 0.75m/s —0.40m/s 0.54m/s
"
e ~1.9° 2.5° —12° 15°
- 1.4° 5.1° 0.0° 42°

m0

0.6m 0.26m
0.198 m
’ 0.05m
“019m
0.35m 0.4m 0.02m

Fig. 16. Setup for the single experiment.

0.26m
0.23m

0.02m

Fig. 17. Goal frame dimensions.
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Table 7. Parameters for the single experiment.

Swing phase time span (T;fying) [s] 1.3
Ball’s yaw velocity (d)}l;[,) [°/s] 0
Ball’s pitch velocity ((9;130) [°/s] —100
Reaching angle (0%, ;) [°] =15
Goal’s frontal distance (p§ ) [m] 04
Goal’s lateral distance (p dp/) [m] 0.05
Goal’s height (p‘zv) [m] ‘ rp+0.03

The mentioned disk was required in the real experiment to make it easier to place
the ball at the desired XY-location. However, it raised the ball’s initial height, such
that for its initial position we have pg,o = [0 0 (rp+0.016m)]”, which was also
considered in calculations and in simulation.

The parameters used for this kicking motion are shown in Table 7. These were
specifically chosen to produce a motion inside of the corresponding workspace and to
comply with the joint limits and the maximum joint velocities of the robot.

The desired goal position was marked out by using a goal frame over a hurdle of
0.02 m height, creating a narrow space of 0.26 m width centered at this goal position,
that should be traveled through by the ball, whose diameter is almost 0.2 m; that is,
with a margin of 0.03 m for each side of the ball (Fig. 17). By including a hurdle at the
goal position, the desired arrival condition of the ball to the goal was forced to be a
requirement, as the ball would not be able to enter to the goal without attaining the
desired height (within 0.01 m of margin). It is worth to mention why the goal position
is very near to the robot. This is because the joint velocities required for farther 3D
goals were surpassing the current maximum joint velocities. Also, it is worth to

.d
remark that the ball’s pitch velocity (6 py) is given a value of —100°/s. This is because

in the case of 9;130 = 0, the required approaching velocity vector was inducing a
trajectory for the swing foot in which the sole was colliding with the ground. By
switching it to —100°/s, this vector turned to be less steeper, rising, in this way, the
lowest point of the trajectory of the sole of the swing foot.

After calculating the desired impulse and the impact coordinates, an operational
point on the swing foot is selected together with the foot’s orientation at the moment
of the impact. Then, the approaching velocity is calculated. These calculations,
together with the specifications of the task, are used to define the trajectory of the
operational point and the swing foot. The desired trajectory for the operational point
is shown in Fig. 18.

On the other hand, the trajectory for the horizontal position of the waist is at first
proposed to shift horizontally from the reference configuration to be placed exactly
over the support (left) ankle position, and let it remain there until the motion
finishes. Then, it shifts back to the original position at the end of the kicking motion.
However, this trajectory does not ensure dynamic stability. By following the iterative
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Fig. 18. Desired operational point’s trajectory.

process described in Sec. 8, and after two iterations, we get a balancing motion
trajectory for the waist that almost fixes the trajectory for the ZMP as desired; that
is, exactly under the left ankle throughout the duration of the kicking motion. The
calculated trajectory for the waist is depicted in Fig. 19, compared to the proposed
one (the initial condition of the iterative process).

In order to compute this trajectory, a delay of 2 s was originally considered at the
beginning and at the end of the kicking motion, followed by the motion of the waist
that transfers the ZMP to a position below the left ankle, which lasts 1 s; that is, the
kicking motion actually starts at ¢ = 3's, in such a way that the instant of the impact
occurs 1.3s later, at t =4.3s, as it is marked in Fig. 19. The sampling time is
At = 0.005s. The obtained ZMP trajectory is depicted in Fig. 20, compared to the
desired one. However, as we can see, the difference between these signals is extremely
small and practically negligible, given that the mean error between them was
1 x 10-%m, achieved with only two iterations.

The whole calculation lasted approximately 65 s, by using non-optimized Matlab
code and running on a Laptop PC with Intel(R) Core(TM) i7-2670QM CPU @
2.20 GHz, 8 GB of RAM and Windows 7 (64-bit).

This kicking motion was simulated in OpenHRP3,® as well as tested with the real
robot. The resulting simulated motion is shown through a selection of frames in
Fig. 21, as seen on the sagittal and frontal planes, respectively, and labeled with the

-0.34; : : :
038f="Ne ‘
-0.38| e | .. sl
X -0.3763 i
e 4 6 g 10 % 2 4 6 8 10
time [s] time [s]
(a) Position in X (m). (b) Position in Y (m).

Fig. 19. Proposed waist trajectory (gray) versus computed one after the iterative process (black).
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0 2 4 6 8 10 0 2 4 6 8 10
time [s] time [s]
(a) Position in X (m). (b) Position in Y (m).

Fig. 20. Desired ZMP trajectory (gray) versus attained one after the iterative process (black).

(a) 0.000s (b) 3.750 s (c¢) 5.250s

(e) 6.250s

(g) 3.750 s (i) 5.900 s (j) 6.250 s

(k) 6.572s (1) 6.650 s (m) 6.733 s (n) 7.200s

(p) 6.572s (q) 6.650s (r) 6.733 s (s) 7.200 s (t) 7.750 s

Fig. 21. Simulated kicking motion as seen on the sagittal and the frontal planes.
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corresponding simulation timestamp. At the beginning of the simulation the robot
has a predefined configuration. This one evolves to the desired initial one in 3.750s.
Then, the robot transfers the ZMP to a position under the left ankle, such that the
kicking motion starts at t = 5.250s. The foot makes contact with the ball at
t =6.572s; that is, T3, = 1.322s instead of 1.3s, as it was planned. This is at-
tributed to the following error of the controller. The ball starts its motion exactly
after the impact, hitting the hurdle at ¢ = 6.733. Figure 22 shows a closer view of the
ball motion, where it can be seen that the ball succeeds to enter into the goal frame.

The same kicking motion was also performed by the real robot. This one is shown
through a selection of snapshots of the video taken during the experiment on Fig. 23,
labeled with the corresponding video timestamp; that is, relative to the time that the
video camera started recording. As can be seen, the real kicking motion starts at
t = 8.490s and the foot makes contact with the ball at approximately ¢ = 9.790s;
that is, T'¢;,, = 1.3s as it was planned. Here, the superscript r stands for a “real”
value (from the actual experiment). The ball arrives to the goal at ¢ = 9.960s. The
video was carefully taken such that the image plane was as parallel as possible to the
sagittal plane of the robot. In this way, it was possible to estimate the Z-position of
the ball on every frame by measuring distances in the image and relating them to
known real distances, carefully considering the perspective. Then, by means of a
polynomial curve fitting process with given initial position (pp, ) and fixed quadratic
coefficient (— % g), it was possible to estimate the initial linear velocity vector of the
ball, vy, o, and construct the corresponding curve. This one is shown in Fig. 24,
together with the desired one and the simulated one. The considered goal position is
marked as a data-tip at the end of each curve. It is worth to remark that the X-value
for the goal position in those three curves is not exactly 0.4 m. This is due to the
sampling time. Also, it is possible to notice that, in fact, during the real experiment
the ball did not hit the hurdle, but it passed over it, almost reaching the desired
position and performing better than in the simulation. Table 8 shows a comparison
between the calculated, the simulated and the real data (that could be measured)
regarding to the motion of the ball.

As there is no collision data released by the simulator, the simulated impact
coordinates ¢§ and 6§ were obtained by using the sequence of positions and orien-
tations of the swing foot, together with the collision detection algorithm developed
by us to search for the first single collision point on the ball,*’ from which the impact

(a) 6.572s (b) 6.650 s (c) 6.733 s

Fig. 22. Simulated ball motion.
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(a) 7.420s (b) 8.490s (¢) 9.160 s

(d) 9.520's (e) 9.790 s (f) 9.890 s

(g) 9.960 s (h) 10.430 s (i) 11.060 s

Fig. 23. Kicking motion implemented on the real humanoid robot.
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Fig. 24. Desired, simulated and experimental trajectories of the center of the ball.
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Table 8. Comparison of calculated, simulated and real data.

Data Desired (d)  Simulated (s) Real (7)
Time span for the swing phase Tyying [s] 1.300 1.322 1.300
Azimuthal impact coordinate ¢ 7.1 7.5 7.1
Polar impact coordinate 6, —20.5 —20.4 -21.0
Magnitude of vy (vy) [m/s] 2.70 2.55 2.47
Azimuthal angle of vy (¢,,) [°] 7.1 6.5 7.1
Polar angle of vy (6,,9) [°] 18.6 17.3 224
Time span to reach the goal (Tyoa) [s] 0.160 0.168 0.170
Reaching angle 6,, ; [°] —15.0 —20.8 —20.0
Goal’s frontal distance (p¢,) [m] 0.400 0.411 0.408
Goal’s lateral distance (pg,) [m] 0.050 0.046 0.050
Goal’s height (pg,) [m] 0.129 0.107 0.127
Ball’s yaw velocity (¢ go) [°/s] 0 —65 -

—100 —59 —

Ball’s pitch velocity (920) [°/s]

coordinates were calculated. The initial linear velocity of the ball as well as the rate of
change of its orientation coordinates were calculated by means of a polynomial curve
fitting process.

On the other hand, the real (experimental) data cannot be calculated in the same
way, as there is no sensor providing the position and orientation of the swing foot or
the ball. The experimental impact coordinates were estimated by means of ap-
proximate measures taken from the snapshots of the video recorded by a second
camera making a close-up of the feet of the robot. Some of the snapshots are shown in
Fig. 25, particularly showing an instant before the impact, the instant of the impact
itself and an instant after the impact. A ruler behind the robot was used as a
reference measure. The rate of change of the orientation coordinates could not be
measured from the video. The frames in Fig. 25 also show that the support foot has a
negligible motion with respect to the floor. This validates the hypothesis made in
Eq. (57), which caused the inverse of the effective mass of the robot to be neglected
during the computation of the approaching velocity.

Finally, we show the comparison between the desired ZMP trajectory and the
experimental one. These ones are shown in Fig. 26 along with the boundaries of the
foot (in each direction) during the single and the double support phases, as a way to
validate the stability of the motion. Let us point out that the disturbance shown at

(b) 9.790 s (c) 9.880 s

Fig. 25. Close-up for the swing foot motion during the real experiment.
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Fig. 26. Desired ZMP trajectory (dashed) versus experimental one (solid). The boundaries of the foot (in
each direction) during the single support phase are also shown to validate the stability.

t = 4.3 s is regarded as the effect that the collision with the ball had on the robot. As
can be seen, this disturbance is comparable in magnitude to other uncertainties, and
it is not large enough to destabilize the robot.

10. Conclusions and Future Work

In this paper, we presented a method to generate a proper stable motion for a
humanoid robot that has to perform a specific pedipulation task, consisting of driving
a spherical object to a specified 3D goal position with certain motion characteristics,
by exerting some proper impact conditions. However, the accuracy of the results is
highly dependent on how demanding the task is; that is, on the magnitude and
orientation of the approaching velocity vector that is required to exert the necessary
impact conditions. If the magnitude is so big, the trajectory that the foot has to
follow is longer in order to accelerate from zero velocity to the desired one. This
means that the trajectory of the foot may lie out of the workspace. One solution is to
shorten the time needed to perform the motion, which actually demands a higher
acceleration of the foot and, consequently, higher joint accelerations. On its behalf,
the robot controller may not be able to cope with this trajectory as accurately as
needed, so that the resultant one may induce an error on the impact conditions. With
respect to the orientation of the approaching velocity vector, if it is very steep, the
swing foot would need to go below the ground level to attain the required impact
conditions. One solution is to relax the angular velocity requirements of the pedi-
pulated object, in order to modify the impact coordinates and change the orientation
of the approaching velocity vector. As a consequence, the impact conditions are more
dependent on the friction between foot and ball, and on the tangential component of
this velocity. In general, the farther (and higher) the goal position is, the less accurate
the results are.

The method presented in this paper solved a specific impulsive pedipulation task,
but it can be adapted to any other target object which can be modeled as a rigid
object and for which the physical properties are known, as well as its geometry.
Depending on which task we want to achieve by means of impulsive pedipulation, it

1650003-39



R. Cisneros, K. Yokoi € E. Yoshida

is just the matter to find the required impulse on the object applied to some oper-
ational point, whose velocity is related to the linear and angular ones of the object by
means of the corresponding Jacobian. Then, the rest of the algorithm (from the side
of the robot) can be worked out in the same way, by planning a dynamic motion
capable to attain the required velocity of the operational point in the foot while
keeping it balanced. Besides that, it is worth to mention that by the way this method
was developed, it is possible to also adapt it to be used for any link of the robot.
As a future work we want to consider strategies for the robot to approach to a
feasible position relative to the spherical object, and even to perform the pedipula-
tion task while a dynamic motion is taking place. For example, kicking the ball while
walking fast without stopping. This can make the kicking motion to look less clumsy
and more natural. But also, this will require acquisition of the relative position of the
initial position of the object by using vision data. Also, we want to consider the case
in which the impact is large enough to produce some significant motion at the
support foot. This would produce an inverse of the effective mass of the robot (in
each direction) not negligible anymore, affecting the total momentum transmitted to
the object, as well as compromise the stability of the robot. Finally, we would like to
generate an appropriate movement for the upper body to compensate the vertical
moment induced by the robot’s motion, as well as to optimize the algorithm (on
C++) to reduce the computation time and improve the accuracy of the results.
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