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Abstract

This paper discussés an artificial Active Antenna that
can detect the contact location between an insensitive
flexible beam and a 3D environment through the mea-
surement of the rotational compliance of the beam in
contact with the environment. The lateral slip, which
‘possibly occurs for the 3D Active Antenna, overes-
timates the rotational compliance, and as a result,
brings a large sensing error for the localizing contact
point. The goal of this paper is to find the contact
point under such conditions. In the first step, we push
the antenna to the environment. If a lateral slip is con-
firmed, the pushing direction is changed continuously
until we finally avoid the development of any lateral
slip. We explore how to detect a lateral slip and how
to determine the new pushing direction to avoid it. We
experimentally verify an algorithm which can search

the contact distance, even under the appearance of a

‘lateral slip during the first step.

1. Introduction

Active Antenna is a new sensing system enabling us
to detect the contact location through the measure-
ment of the rotational compliance of an insensitive
antenna in contact with an environment. In our for-
mer work, we have shown that for a planar type Active

Antenna, the contact location is a function of the ro- -

tational compliance alone, and that one active motion
is necessary and sufficient for localizing the contact
point irrespective to friction at the point of contact,
_ if the straight beam is utilized [1], [2]. A big advan-
tage of Active Antenna is that a contact point is ob-
tained through a surprisingly simple active motion,
while sophisticated active motions should be prepared
for most of contact sensing to avoid a large interac-
tion force between sensor and environment. This is
because the flexibility of the antenna successfully re-
laxes the contact force by itself, even under a large
positional error.

In the 2D Active Antenna, we implicitly assumed that
the antenna never makes a slip in the lateral direc-
tion, while a longitudinal slip inevitably occurs to sat-
isfy the geometrical relationship between the antenna
shapes before and after a bending deformation. The
lateral slip (see Fig.1), which is the inherent charac-
teristic for 3D Active Antenna [3], strongly depends
on the direction of pushing, the friction at the point
of contact, and the normal surface of the environment
where the antenna makes contact. Generally, such a
lateral slip overestimates the rotational compliance of
the antenna which is in contact with the environment,
and as a result, deteriorates the sensing accuracy di-
rectly, while the longitudinal slip brings a minor error
only. In this paper, we discuss an algorithm which can
detect the contact distance with a sufficient accuracy,
even under the appearance of a lateral slip during the
first step. ' :

- 2. Related Works

A simple flexible beam sensor can take the form of a
short length of spring piano wire or hypodermic tub-
ing anchored at the end. When the free end touches
an external object, the wire bends. This can be sensed

_ by a piezoelectric element or by a simple switch [4]. A

more elaborate sensor is described by Wang and Will
[5]. Long antennae-like whisker sensors were mounted
on the SRI mobile robot, Shakey {6], and on Rodney
Brook’s six-legged robot insects [7]. Hirose, et. al.
discussed the utilization of whisker sensors in legged
robots [B]. The sensor system is composed of an elec-
trode and a whisker whose end is fixed at the base.
This sensor unit has been arranged in an array around
each foot of the legged robot, Titan III, so that it
can monitor the separation between each foot and the
ground to allow deceleration of the foot before contact.

" This sensor is also conveniently used to confirm which

part of the foot is in contact with the ground. Simi-
larly shaped whiskers have been considered for legs of
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the Ohio State University active suspension vehicle [9].
Russell has developed a sensor arrsy [10] by mounting
whisker sensors on a mobile robot, and succeeded in
reconstructing the shape of a convex object followed
by the whisker. In his work, it is assumed that the
whisker tip is always in contact with the environment,
and that when the whisker contacts the environment
except for the tip, it is assigned to a failure mode. The
major difference between previous works [4]-[10] and
ours is that the Active Antenna enables us to localize a
contact point between the beam and the environment,
while previous works do not.

3. Basic Structure of Active Antenna
and Main Assumptions

8.1. (Basic' structure .

Fig.1 shows an overview of the 3D Active Antenna
and its coordinate system, where £p (or upper script
»B”) and I, (or upper script *s”) denote the base
.coordinate system and the sensor coordinate system,
respectively. The 3D Active Antenna is composed of
an insensitive flexible beam, two actuators to move the
beam in 3D space, two position sensors to measure the
angular displacements ¢; and ¢2, and a two-axis mo-
- ment sensor to detect moments around both z, and
z, axes. The moment sensor is designed so that each
sensing axis can intersect with the center of rotation
(the origin of the sensor coordinate system). With this
sensor design, we have a common moment arm y; for
each moment axis, as shown in Fig.2. Now, let us con-
sider the reaction force f.. This force can be decom-
posed into an axial force and a non-axial force com-
- ponents, respectively. Since the antenna is assumed
~ to have a sufficiently large stiffness in the longitudi-
nal direction, we neglect the effect due to the axial
force component. So, we consider the effect due to the
non axial force component f, only. We also define the
sensing plane II, with the plane spanned by two unit
vectors whose directions coincide with 2, and y,. The
design orientation taken for the two-axis moment sen-
sor enables us o evaluate the direction of the contact
force projected on the plane II from the outputs of
the moment sensor, since f, is parallel to the sensing
plane II. ‘

3.2. Main assumptions ,
For simplifying our discussions, we set the following
assumptions:

Assumption 1: The antenna has equal compliance in
a plane perpendicular to the longitudinal axis.

Assumption 2: The antenna deformation is small
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Figure 1. Basic structure and its coordinate system of
3D Active Antenna.

- -

| T

i \Semingl’lanen

Figure 2. Sensing plane II and contact force decom-
position. -

enough to ensure that we can apply a linear approxi-
mation.

Assumption 3: Antenna has a sufficiently large stiff-
ness for the axial direction to enable us to neglect the
longitudinal elongation of the antenna.

Assumption 4: The compliance of the environment is
sufficiently small compared with that of the antenna.
Assumption 5: Before applying an active motion, the

antenna is already in contact with an environment
with zero force.

4. Working Principle
4.1. Without lateral slip

In our former works {1], [2], we have shown that if
there is no lateral slip, the contact distance y, is given
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Figure 3. Calibration test without any lateral slip.

by the following equation:
vo = ke, (1)

where k is a constant and ¢ denotes the rotational
compliance of the antenna in contact with an environ-
ment. For a beam whose cross sectional area is circu-
lar, k = 3EI, where E and I are Young’s modulus and
the second moment of cross section of the antenna, re-
spectively. ¢ can be computed by the torque increase
and the pushing angle after the antenna makes contact
with an environment. Fig.3 shows the experimental
result obtained under no lateral slip, where the real
line denotes the theoretical result and the circles de-
note experimental data for five trials. It can be seen
from Fig.3 that the agreement between theoretical and
experimental results is fairly good and the repeatabil-
ity of experiments is also fine.

4.2. Lateral slip and its effect on contact sens-
ing

The antenna is extremely stiff in the longitudinal di-
rection and is a little elongated along the direction of
an axial force (Assumption 3), while it easily deforms
for a bending moment. When the angular displace-
ments, A¢; and A¢z, are imparted to the antenna,
it deforms while keeping contact as shown in Fig.1.
During this pushing motion, it continuously makes a
longitudinal slip on the point of contact to the en-
vironment. This allows us to consider only the case
of the dynamic friction cone during the whole active
motion.

Fig.4 shows the relationship among the virtual dis-
placement vector Arit4, the effective displacement
vector Ar’*4 and the dynamic friction cone after
a pushing motion, where o is the angle of the dy-
namic friction cone. Since we assume the uniform
compliance by Assumption 1, the contact force al-
ways appears in the opposite direction against the ef-
fective displacement vector Ar:+4. This means that
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Figure 4. A general view of 3D Active Antenna when
a lateral slip occurs.
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Figure 5. Notations on the sensing plane II.

the contact point moves so that Ar2+4 and AfI*4
are colinear each other. It should be noted that
the force projected on the sensing plane can exist
pot only on the boundary but also within the dy-
namic friction cone, while the contact force should al-
ways exist on the boundary of dynamic friction cone.
Since |jAr:t4]| > ||Ar:t4|| while under a lateral
slip, Af:*A(llars 2l > AfitA(|arita|), which
means that the contact force under no lateral slip is
larger than that under one for the same A¢; and A¢ds.
Thus, the rotational compliance is generally overesti-
mated under a lateral slip. As a result, the sensing
accuracy will be deteriorated.
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Fig.5 shows several physical parameters on the sensing
plane II, where all components are projected on the
sensing plane IT, and »*, v™, ¢ and ¢ denote outer and
inner normal directions of the environment’s surface,
the direction of Af,,, and the pushing direction with
respect to the sensor coordinate system, respectively.

4.3, Judgement of contact states
There are two physical parameters obtained by the
Sensors.

(1) The direction of contact force projected on II, ¢
The moment sensor can involve the following informa-
tion.

mz = yol|Af .|l Sm‘ll' &)
m; = —yollAF,,|| cos ¥ (3
By dividing each side, we obtain,
)
tany = — (4)
(2) The pushing direction ¢:

Since each actuator has a position sensor, the pushing
direction can also be measured. ¢ can be regarded as
an input for this sensor system, and then it provides ¢
as an output. Based on these informations, the sensing
algorithm should be planned.

There are three patterns for judging the contact states,
as shown in Fig.6, where § is the angle expressing the
difference between ¢ and . If § is less than =, it
means that the antenna made a slip in the left direc-
tion. If § is greater than =, it means that the antenna
made a slip in the right direction. If § is equal to =,
it means that there was no slip during the pushing
motion.

4.4. Sensing strategy

The main goal is to find the pushing direction avoid-
ing any lateral slip, because once we find such a direc-
- tion, the problem reduces to that of a planar Active
Antenna [2], [3]. Fig.7 explains the sensing strategy
eventually leading to the normal direction of environ-
ment.

1) The 1st trial: '

For the first trial, the antenna is pushed toward an
arbitrary direction ¢(1). Let ¢(1) be the direction of
contact force resultantly obtained by the first pushing
motion. Since § < x in this particular example (Fig.7),
‘the sensor system can recognize that the antenna made
a slip in the left direction. '

2) The 2nd trial:

The second pushing direction is chosen so that the
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Figure 6. Three patterns of the contact states.

slip may appear in the opposite direction against the
first one. This can be done by choosing the pushing
direction in the following,

o =) —ign(6® —m)- 3, ()

where §(1) = () — (1), When we choose the sec-
ond pushing direction according to eq.(5), ¥) and
¥(®) always lie in two different regions, namely, one is
the right half plane with respect to the outer normal
vector, and the other is the left one. Since the con-
tact force projected on II can never be away from the
boundary of the dynamic friction cone projected on
11, the following condition holds. :

(1) 4 (2
u+—%<f-—'2i£—-<u‘*‘+% (6)
Eq.(6) implies that the angle between v+ and the
arithmetic mean of $(1) and ¥(? is less than a/2.
3) The 3rd trial:
The third pushing direction is chosen so that the ex-
tended line may divide () and ¢(?) equally, namely,

¢ = (9D 4+ D)2 4 x ()

From ineq.(6) and eq.(7), the difference between (%)
and vt is at most /2. '

4) The 4th trial:

Picking up ¥(® and either %) or ¢(2), we choose the
fourth pushing direction in the following.

¢ = (¥ 4 )12 4 1 ®

where (alb) = {z|min(}6*) - #|),z = a,b} By intro-
ducing this function, we can always choose the trial
whose lateral slip is smaller than the other.
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normal direction for each trial.

In géneral, for the n-th trial (n > 4), we can easily
show that the following inequality exists.

WO~ < zmg o n24 ©)

Since lim {a/2°"%} = 0, lim {$(™)} = v*, which
means that the direction of contact force finally
reaches the outer normal direction, namely, the push-
ing direction coincides with the inner normal direction.
Thus, we can find the normal direction of the environ-
ment. Once we can detect the direction, the contact
distance can be obtained through the pushing motion
along the direction detected, because it is guaranteed
that no lateral slip occurs. Thus, the convergence of
the algorithm can be ensured if we impart infinite ac-
tive motions to the antenna, while it is not efficient.
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Figure 9. The relationship between ¢/c, and ¢ (a =
7/18, Af = x/36).

4.5. When can we stop the trial?

A natural question that comes up is when we can stop
the trial. In other words, how many active motions are
really necessary for keeping a sufficient accuracy. Fig.8
shows the compliance ratio ¢,/5/c, when the pushing
motion is imparted in the direction of a/2 from v~
where ¢, and ¢,z denote the compliances under the
pushing in »~ and under the pushing in o/2 from v~,
respectively. From this figure, it can be found that
if the pushing direction is selected within a/2 from
V™, it is ensured that the theoretical sensing error can
be suppressed less than 1% irrespective to dynamic
friction cone. By combining the results in Fig.7 and
8, we can say that three active motions are sufficient
for keeping theoretical sensing error less than 1%.

Fig.9 shows the relationship between the pushing di-
rection ¢ and compliance ratio between pushing to v~
and pushing to ¢, where the real line denotes the an-
alytical result and the circles show the experimental
results, and the angle of the dynamic friction is ap-
proximately 10 degrees. Experimental results exhibit
almost unity for the pushing angle between —a/2 and
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Figure 10. Convergence process for § and c/c,.
a/2, which supports our analytical resuilt.

4.6. Convergence process by experiment

Fig. 10 (a) and (b) show the process of convergence
of 6 and ¢/¢, with respect to the number of trial, re-
spectively. It should be noted that both § and c/e¢,
converges very quickly as the number of trial increases.
With three times trials, both § and ¢/¢, almost reach
their equilibrium points. When ¢/c, is equal fo unity,
we can obtain the contact distance very accurately.

Fig.11 shows the relationship between i-th pushing di-
rection and the direction of ¢-th contact force. For the
first pushing, the antenna makes a lateral slip toward
the left side, and for the second one, it again results
in failure in avoiding a lateral slip and as a result it
moves toward the right side. The third pushing direc-
tion computed by eq.(7) provides nearly the inner nor-

mal direction, and, therefore, the direction of contact -

force is also very close to the outer normal direction.

5. Future Works

In this work, we did not consider the effect of the cur-
vature of the environment where the anterna makes
contact. The curvature will more or less affect on the
sensing accuracy. In our future works, we will address
this problem in some details.
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Figure 11. The relationship between () and %),
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