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Analysis on a Friction Based “Twirl” for Biped Robots
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Abstract— This paper presents preliminary results and anal-
ysis on generating turning motion of a humanoid robot by
slipping the feet on the ground. Humans unconsciously exploit
the fact that our feet slip on the ground; such slip motion is
necessary for humanoids so as to realize sophisticated human-
like motions. In order to generate the slip motion, we need to
predict the amount of slip. We propose the hypothesis that the
turning motion is caused by the effect of minimizing the power
generated by floor friction. A model of rotation by friction force
is described on the basis of our hypothesis. The case that a robot
applies the same force on both feet is discussed; then, we extend
the discussion to the case of different force distribution. The
hypothesis is verified through experiments with a humanoid
robot HRP-2.

I. INTRODUCTION

In our daily life, we unconsciously exploit the fact that
our feet slip on the ground, when we turn or stop. However,
most current humanoid robot locomotion assumes no slip
contacts. As a result, robots tend to take many small steps
when turning in place, which usually takes a considerable
time to complete the turning motion. Taking all these steps
does not seem effective in terms of both energy consumption
and stability. Therefore, we believe that the use of slip
is important for realizing quick and smooth robot motion.
This paper presents a preliminary discussion of the slip
phenomenon, aiming to realize the performance of highly
sophisticated human-like motion by humanoid robots.

The topics related to our final goal are as follows: elu-
cidating the slip phenomenon in turning motion, creating a
model that predicts the amount of slip, and the realization of
twirling motion of a humanoid robot by exploiting slip.

In the field of ergonomics and biomechanics, intensive
research has been performed on analyzing slipping and slip
induced in a fall[1][2][3]. However, there still exists some
controversy on the conditions that result in falling[4].

Conventional studies on biped locomotion in a low friction
environment mainly focus on the prediction, avoidance, or
recovery from slip. Boone and Hodgins[5][6] simulated a
running biped on a floor with a low friction area by intro-
ducing a reflex control strategy. Park and Kwon[7] designed
a controller to enlarge the frictional force on the occurrence
of slipping, and simulated a 12-DOF biped robot walking
on slippery surface. Kajita et al.[8] described a calculation
of ZMP[9] concerning slip. Though ZMP is useful to check
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Fig. 1. 360-deg turn by a professional walking model (the model belongs
to Walking Studio Rei)

the possibility of a robot falling down, the conventional way
to calculate ZMP cannot be used in case of slip. It provides
a good prediction of falling caused by slipping. Kajita et
al. also successfully demonstrated a walk on a low friction
environment using a humanoid robot HRP-2[10]. Kaneko et
al.[11] proposed a slip observer to stabilize a biped walking
on a slippery floor. Zhu[12] proposed a method to predict
the most possible slipping direction including rotation of a
support foot during a single support phase.

There exists some studies that have addressed the issues
regarding the proactive use of slip for humanoid motion.
Nishikawa[13][14] proposed a mechanical method to use slip
for biped robots by adding a piston to the heel of the foot
in order to generate rotational slip. Although the proposed
mechanism is based on the concept of generating friction
torque, the physical model is not numerically revealed. There
also exists a study conducted by Koeda et al.[15] on the
application of slip to the turning motion of a small humanoid
robot HOAP-2. The robot pivots the feet one by one, keeping
contact with the floor, instead of lifting them. Koeda claims
that the robot can maintain a large support polygon while
turning. The proposed motion used point contact between
one corner of the pivoting foot and the ground for realizing
90-deg turning motion. Further, Koeda et al.[16] compared
30-deg turning motion between two cases. In one case, the
mass load of the robot’s body was applied uniformly on both
soles, and in the other case, it was concentrated on opposing
corners of the soles. Koeda claims that the corners do not
slide much when the load is concentrated on the corners.

A preliminary discussion of the slip phenomenon has
already been made and our hypothesis has been demonstrated
with a humanoid robot platform HRP-2[17]. However, the
hypothesis is inaccurate in some cases. In this paper, we
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correct the inaccuracy and extend the hypothesis to the
case where the mass load of the robot’s body is applied
asymmetrically on the right and left soles.

Figure 1 shows a photograph sequence of a professional
walking model performing a 360-deg turn. By slipping the
soles of both feet, she turns speedily and smoothly. Setting
our sights on this motion, we investigate the fundamental
properties of rotational slip during a twirl.

In order to realize the desired twirling motion, the relation
between a robot motion and the resulting angle is investigated
in this paper. We intend to achieve a better understanding of
the phenomenon of rotational slip through this study.

II. SLIP MODEL

In this section, a model of rotation caused by friction force
is proposed. As shown in Fig. 2, a humanoid robot can be
modeled as a set of rigid bodies. We define the robot’s base
frame on the pelvis as X p. It is assumed that the center of
mass is coincident with the origin of X so as to simplify
the model. At the start of a motion, the projection of the
base frame on the floor and the world frame >y, are exactly
the same. Our assumption is that the robot’s body will rotate
from the reaction force when the robot moves its feet, as
shown in Fig. 3. We define 6 to be the angle between the
world frame and the robot’s base frame. When the robot
moves, we expect f to increase.

We make a hypothesis that the turning motion is caused by
the effect of minimizing the power generated by floor fric-
tion. In order to simplify the model, we adapt the following
assumptions. These assumptions are also used in researches
on robot manipulation[18][19].

1) The motions are quasi-static; in other words, the mo-
tions are slow enough that frictional forces dominate
inertial forces.

2) The dynamic and the static coefficients of friction
acting between the feet and the floor are equal.

3) The plane of the floor is uniform and horizontal, and
the friction distribution on the sole of the foot does not
change.

According to assumption 1, we consider the twirling motion
caused only by the mechanistic effect of the lower body
motion. The turning motion realized using the momentum
of the entire body will be covered in a future study. Further,
we also assume that the robot applies the same weight on
the right and left feet, uniformly. The case of an asymmetric
load applied to each foot will be discussed later in this paper.

A. Symmetric load on both feet

First of all, our hypothesis is that the turning motion is
caused by the effect of minimizing the power generated by
floor friction.

w(t) = argmin {P(w(t))} )

where w denotes the angular velocity of the robot, and P
is the total power generated on the both soles. According to
the above assumptions, the axis of rotation of the robot is

Fig. 2. Model of a robot, its base frame, and world frame. The origin of
the base frame is fixed on the waist link of the robot, and the origin of the
world frame is its projection on the floor at the start of the robot’s motion.

Fig. 3.

Motion of a robot and the definition of rotational angle 6. Left:
robot at the start of the execution of a motion. Right: robot at the end of
the motion.
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Fig. 4. Right-foot position and its instant velocity in the base frame.
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coincident with the z-axis of the base frame. Therefore, the
angular velocity vector is w = (0,0, w).

In Fig. 4, the motion of the right foot is shown for
explaining the hypothesis. Power can be presented as a time-
derivative of the mechanical work done on the floor.

dw
P="a @

where WV represents the work done by the both sole on the
floor, and ¢ is the time.

The work W is expressed as the product of the frictional
force multiplied by the displacement of all points on the both
soles of the robot. The point P is on the sole of a foot, and
it is at distances of x and y from the center of the sole in
the longitudinal and lateral directions. The center of the sole
is X p apart along the z-axis, and Yp apart along the y-axis
of the base frame. The robot moves its feet with velocity v
in the base frame. Since the reaction force causes the robot
to rotate, the point P also has velocity w x r, where 7 is
the position of the point P with respect to the origin of the
base frame. Thus, the point P slides with velocity V', which
is the resultant vector of v and w X r.

The work done on P can be calculated by multiplying the
frictional force f applied to a small area at P by the sliding
displacement expressed by the time integration of V:

JfIVidt
flIVidt

M
uf|'u+w><r|clt 3)
o1,

Wp =

where f indicates the frictional force per unit area, [, and
l, denote the length and width of the sole, and y, M, and g
represent the friction coefficient, the total mass of the robot,
and the gravity coefficient, respectively. In practice, since
the applied normal force is always equal to f all through the
motion, we obtain (3).

By integrating over the area of a sole and according to
assumption 3, we obtain an expression for the total work at
the sole:

> 2
Wright = /1 1 WP dl‘dy
-5 J-F
Mg [* %
puig
= T/_'_ f|V|dt dedy  (4)
2
where,
V| = VV2dxzdy ®)
- R,

= v+ w x r|?
= \/{vx —wrcos(¢)}? + {vy + wrsin($)}?
V{ve — (Vs + )12 + {u, + 0(Xp +2)}2 6)

where r denotes the norm of 7, and v, and v, represent
the velocity components along the z- and y-axes of the base

frame, respectively. Then, the loss of power on the right sole
can be obtained as the time-derivative of Wi;gn::

d
d_nght

= ”Mg/ / Videdy — (7)

The loss of power on the left sole is the same as that on the
right since the left-foot motion is symmetrical to the right-
foot motion about the origin of the base frame of the robot.
Substituting (5) into (7), we obtain the total loss of power
on the both soles P:

P = ZPright

Pright

= uMg / . / VV2 dazdy (8)

In order to calculate w that would minimize P, we proceed
as follows. Differentiating (8) with respect to w yields:

P _ uMg— / / VV2dady )
Oow Oow

Since w that would minimize P requires (9) to be zero, we

obtain:
/ / VVidzdy = 0

Because this equatlon contains neither the friction coefficient
nor the total mass of the robot nor the gravity acceleration,
the shape of the sole and a given motion pattern alone decide
the rotation of the robot. This also implies that the friction
coefficient does not affect the rotation.

Equation 10 can also be described by the square of V' as
follows:

(10)

/P*
2 2
= / l / V2dxdy
g )y
Ly g
2 2
= [ [ terelva
-
—l—{vy + w|Xp + 2|} dzdy
= {vz + vi + 20, Ypw + 2v, X pw
2
X2+ Y2+ %(zg + )M, 11)
oP*
ow
w
= {2w(X*+Y?) + E(zi +12) + 20, Y + 20, X }aly
= 0 (12)
Finally we obtain:
12(Ypv, + X
w = (Ypvs + Xpuy) (13)

C12(XE+YR) 2412
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Equation 13 relates the given velocity v(vy,v,) to the
angular velocity w due to the friction torque. Note that the
rotation has no relation to the friction coefficient. It is also
important that the surface of the soles affects the rotational
angle: The smaller the foot, the larger the rotational angle.
It may give the reason why humans often stand on their toes
when they twirl in place, as already shown in Fig. 1.

B. Asymmetric load on the feet

The hypothesis that we proposed above is also used in
the case where the robot’s load is asymmetrically distributed
between the right and left feet. In Fig. 5, the motion of
the both feet is shown for explaining the hypothesis. In the
generated motion patterns, the positions of the right and left
feet are always homothetic with respect to the COP, and the
ratio between the distances of the right and left feet from the
COP is expressed as o : 1 — a (0 < a < 1). The distance
between the feet is 2X p along the x-axis and 2Yp along the
y-axis of the base frame.

V4 \ 2XB

21

Fig. 5. Asymmetric load’s model. COP is assumed to be at the origin of
the projection of the robot’s base frame on the floor.

The total loss of power at the both soles is expressed as
follows:

ly !

2 [
/"7/ /l frightv;"ight""fleftv;eft dxdy (14)

_ _lz
2 2

P:

where V,.;gn: and V¢ represent the velocities of the right
and left feet, and f,ign: and ficr¢ denote the applied load to
the right and left feet, respectively. The velocities of the feet
are defined as follows:

\/ ‘/rfight
Vit = {2000 +w|20YE +y[}?
+{2av, + w|2aXp + x|}

va'ght =

Weft =
Vlth =

15)

If the load can be assumed to be also proportional to «,
frignt and ficry can be expressed as follows:

pMg(1l — a)
uMga

fright =

Jrert = (16)

Substituting (15) and (16) into (14), w can also be obtained
that would minimize P in (14). However, the expression
obtained by differentiating and solving (14) with respect to
w is complicated. Therefore, we calculate w numerically in
the next section of this paper.

ITII. EXPERIMENTS WITH HUMANOID HRP-2

In this section, we execute three experiments.

1) Turn with a different friction coefficient .

2) Symmetric turn with a different initial stance X p.

3) Asymmetric turn with a different COP position (dif-
ferent «).

Figure 6 shows the given motion of the feet. On the
left-hand side in the figure, the dotted boxes represent the
positions of the feet at the beginning of the motion. The
robot stands with its feet 2Xp apart along the z-axis, and
2Yp apart along the y-axis of the base frame. It moves them

X EW

EW

V]
] L

Y

Fig. 6. Motion of both feet. Left: given pattern. Right: expected motion.
The rotational torque may be produced by friction force.
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Fig. 7. Planned foot velocity, expected angular velocity (w), and rotational
angle (6) resulting from slip
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according to the arrows and reaches the positions represented
with solid boxes. The given trajectories of the feet are both
parallel to the x-axis with a distance of Yp = Yj,;;. The
applied force may rotate the robot body in the opposite di-
rection due to the reaction force. The expected final positions
of the feet are shown on the right-hand side in Fig. 6. To
generate the motion patterns of HRP-2, we used OpenHRP
developed in the Humanoid Robotics Project(HRP) [20]. The
generated trajectory is shown in Fig. 7. In experiments on
asymmetric turn also, the same trajectory of the feet was
adopted, but the position of the COP is not in the middle of
both feet.

In order to obtain low friction, small plastic plates were
set on two sides of the soles of HRP-2, where contact with
a floor, as shown in Fig. 8, and a large sheet was set on the
floor. The friction coefficient between the plastic sheets set
on the sole and floor was 0.1. These sheets were used because
the soles of HRP-2 were covered with a rubber-like material.
The friction coefficient of the rubber soles were > 1.0 on
the lab floor, which might have caused an excessive load on
the motor of the robot when the feet rub against the floor.

X

=

[

i H

Fig. 8. Left: feet of HRP-2, fitted with plastic plates. Right: foot of HRP-2.
The values I, Iy, and [, are the same as those of real HRP-2’s foot.

time[s]
0 0.8 1.6 2.5

Fig. 9. Experiment: time-line of foot motion of HRP-2 slipping and turning
on the low friction floor.

A. Comparison between different friction coefficients

In order to confirm the prediction that the friction co-
efficient does not affect the rotational angle when a robot
turns by slipping the feet, an experiment was performed
with the humanoid HRP-2. The motion of the robot was
symmetric, as shown in Fig. 6, and the robot stood with its
feet 2Xp apart along the x-axis, and 2Yp apart along the
y-axis of the base frame in the initial posture, where Xp =
{0.10,0.08,0.06,0.04,0.02}[m], and Y5 = 0.095[m]. Fur-
ther, in order to obtain a different friction coefficient, the
plastic placed on the two sides of the soles were removed.
The friction coefficient between the plastic sheet on the floor
and the rubber sole of HRP-2 was 0.3, as against 0.1 between
two plastic sheets.

The test has been conducted five times for each condition
of the initial stance and friction coefficient. Figure 9 shows
a sequence of photographs of the feet of HRP-2. Figure
10 illustrates the results of the experiment. Straight-line
approximations are also plotted on the figure. The slopes
of these fitted lines agree well with each other, and their
approximations are: § = 315.2Xp for p = 0.3, and 6 =
320.3Xp for 4 = 0.1. It turns out that friction coefficient
makes no difference to rotational angle in this case.

40

= E
[=]
o w1

0=3202X,

N

30

© [deg]

6=315.2X,

10+ .

L I I L
0 0.02 0.04 0.06 0.08 0.1

initial foot stance XB [m]

Fig. 10. Experimental results: rotational angle produced by slip turn with
different friction coefficients. The blue circles and the line indicate the
results for slip angle and fitted line with p = 0.1, and the green circles and
the line are for u = 0.3.

B. Comparison between different stances

In the experiment, the robot was made to move the feet
back and forth through various distances. Since the motion
of the robot was also symmetric, as shown in Fig. 6, and the
feet trajectory had a constant stance in the y-axis direction,
our hypothesis in (13) can be simplified:

_ 12Yinitve

120X+ Y2,) + 2+ llye +12.+12
where [, is the distance between small plastic plates placed
on the soles, as shown in Fig. 8

The initial position of the right foot varies over Xp =
{-0.10, —0.08, —0.06, —0.04, —0.02, 0.02, 0.04, 0.06, 0.08,

w =

a7
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0.10}[m]. The sideway distance between the feet was
maintained to be Yj,;; = 0.095[m]. The rotational angle
of the body about the vertical axis is measured at the final
position. The test has been conducted five times for each
condition of initial stance. Figure 11 illustrates the results;
the comparison between the results obtained through the
hypothesis and the experiment. The results shown in the
figure indicate that the proposed hypothesis can be used
for predicting the amount of the rotational angle from a
generated motion pattern. However, the larger the initial
foot positions, the larger the error between them. Because
all motions are performed in 2.5[s|, a wide initial foot
stance induces a large velocity of motion and a large inertial
force. This is thought to be the cause of the error from the
hypothesis.

40

— hypothesis
O experiment . g

20+ 2 1
%o
=
D

-20+ D q

@)
-40 1 L L I
0.10 -0.06 002 0 002 0.06 0.10
initial foot stance XB [m]
Fig. 11. Experimental results: rotation angle by slip turn.

C. Comparison between different positions of COP

In the experiment, the robot’s COP took different po-
sitions. The position expressed by « in (14) varies over
a = {0.00,0.125,0.250,0.500, 0.625,0.750, 0.825, 1.00}.
The start position of the right foot was Xp = 0.1]m]
throughout the experiment. The sideway distance between

40

— hypothesis
O experiment o a

30t e~ "~ g .
5 3
Q
S 20+ E
= . S

O
10F 4
0 s ‘ ‘ - 0
0 0.25 05 075 1

Fig. 12. Rotational angle 6 calculated numerically according to the
hypothesis, and the experimental results with HRP-2.

the feet was also maintained to be Y;,;; = 0.095[m]. The
experiment was conducted five times for each value of «.

The expectancy by the hypothesis has been calculated
numerically because the solution w that minimize (14) is very
complicated. Figure 12 shows the results of the calculated
expectancy according to (14) that obtained on the basis of
the hypothesis, and the experimental result with a humanoid
robot HRP-2.

There is a large difference between the calculated ex-
pectancy and the experimental results. It is attributed to the
difference of the mass distribution between the model and the
real robot. Although we first assumed that the COP and the
origin of the base frame of the robot model coincide each
other, HRP-2 has asymmetric mass distribution. Moreover
the real-time stabilizing system of HRP-2 affects the position
of its COP. Since « expresses the ratio between the distances
of the right and left feet from the COP, the incorrect position
of COP leads the error of (14).

In order to obtain the correct value of the rotational angle
6, it is necessary to use the real value of «. The ratio of
the floor reaction force acting on the right foot of HRP-2 to
the total floor reaction force is illustrated in Fig. 13. It is

{ experiment N
—— approximation /
0.75 4
— =1
g os \ *
3
o =1.380.- 0.29
0.25 | —o =0
0 d
0 025 05 075 1
Fig. 13. Real ratio between the distances of the right and left feet from

the COP (a-eq1)- The green line signifies the straight-line approximation
of atreql-

40 T
— hypothesis
O experiment 0

30+ s}
9

10+

Fig. 14.  Rotational angle 6 calculated numerically according to the
hypothesis with a*, and the experimental results for comparison.

4254



in direct proportion to the position of the COP and is hence
equivalent to real a.

leeft

- (13)
Fzm'ght + leeft

Qreal

where, F'z.ign: and Fzcp, signify the floor reaction force
detected by the force sensors on the right and left foot of
HRP-2, respectively. The real ratio between the distances
of the right and left feet from the COP is approximated as
follows:

0 if 0 < a < aiower

* X—Qlower 1
— > flower  {f g <a<a
Qyupper —Alower lower = upper

(19)
if aypper < @

The thresholds in the case of Fig. 13 are determined to be
Alower = 0.21 and aypper = 0.94.

By substituting * in (19) into « in (14), (15), and (16),
we find that our hypothesis agrees well with the experiment
with HRP-2, as shown in Fig. 14.

IV. CONCLUSIONS AND FUTURE WORKS

A discussion on twirling a humanoid robot by utilizing
the slip between the feet and the ground was presented. To
generate the slip motion, we predict the amount of slip under
the hypothesis that turning motion is caused by the effect
of minimizing the power generated by floor friction. We
also conducted experiments with a humanoid robot HRP-2
in order to verify the proposed hypothesis.

The results for the different values of the friction coef-
ficient indicated that the friction coefficient does not affect
the rotational angle of the robot. In addition, from the results
obtained under the symmetric load distribution between the
feet and for different feet positions, it can be said that
the proposed hypothesis agrees with the experiment, and is
hence adequate to predict the amount of a slip turn of a
robot. However, an error between the hypothesis and the
experimental results occurred when the sideway distance
between the feet in the initial stance was widened. This may
due to a large velocity of motion that induces non-negligible
inertial force. The results for an asymmetric load did not
agree well with the hypothesis under the assumption that the
COP and the origin of the base frame coincide with each
other. On the other hand, once correct floor reaction force
was incorporated in our hypothesis, the hypothesis is quite
adequate to predict the amount of slip even in the case of an
asymmetric load.

Because of the few DOFs and the limited joint range of
HRP-2, it is impossible to stand HRP-2 on the toes so as to
reduce the ground contact area or to twist its leg as much as a
human. Furthermore, humans utilize inertial force by twisting
the upper body and swinging the arms. Future study will also
address this effect in order to achieve highly sophisticated
human-like motion.
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