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Abstract

This paper discusses a 3-D Active Antenna that can detect the
contact location between an insensitive flexible beam and a
3-D environment through the measurement of the rotational
compliance of the beam in contact with the environment.
The lateral slip, which possibly occurs for the 3D Active
Antenna, overestimates 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 no lateral slip is detected during this
motion, the contact point can be obtained through a similar
method used for the 2D model. If a lateral slip is confirmed,
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 show an algorithm which
can search not only the contact distance but also the normal
direction of the environment's surface, even under the
appearance of a lateral slip during the first step. The basic
idea is also verified by experiments.

I. Introduction

Active Antenna is a new sensing system enabling us to
detect the contact location through the measurement of the
rotational compliance of an insensitive antenna in contact
with an environment. In our former work, we have shown
that for a planar type Active Antenna, the contact location is
a function of the rotational 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 advantage of
Active Antenna is that a contact point is obtained through a
surprisingly simple active motion, while sophisticated active
motions should be prepared for most of contact sensing to
avoid a large interaction force between sensor and
environment. This is because the flexibility of the antenna
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successfully relaxes the contact force by itself, even under a
large positional error.

This work is an extended version of our former works. In
this paper, we assume that the antenna can sweep .in 3D
space. The sensing system is composed of an insensitive
flexible beam, two actuators to move the beam in 3D space,
two position sensors t0 measure the actuator position, and a
two-axis moment sensor to evaluate the contact force, while
the planar model is simply composed of one actuator, one
position sensor and one-axis moment sensor in addition to an
insensitive flexible beam. In the 2D Active Antenna, we
implicitly assumed that the antenna never makes a slip in the
lateral direction, while a longitudinal slip inevitably occurs
to satisfy the geometrical relationship between the antenna
shapes before and after a bending deformation. The lateral
slip (see Fig.1), which is the inherent characteristic for 3D
Active Antenna, 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 directly, while the longitudinal slip brings a minor
error only. Our goal in this paper is to find the contact
location between the antenna and the environment under
these conditions.

At the beginning of sensing, the antenna approaches an
environment until it makes contact. Since this approach
phase is exactly the same as the one discussed in other tactile
based active sensing [3], we do not focus on the approach
phase in this paper. Thus, we suppose that at the initial
state, the antenna is already in contact with the environment.
In the first active motion, we simply push the antenna to the
environment. During this, a lateral slip may occur, which
can be detected by the two-axis moment sensor. One of the
key issues in this paper is how to detect the lateral slip by
using the sensors implemented. If no lateral slip is confirmed
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during the first active motion, the contact point can be
obtained through the rotational comphance without any
further active motion, because it is guaranteed that the
contact location is a function of the rotational compliance
alone when there is no lateral slip. Once any lateral slip is
detected, however, one active motion is no longer sufficient
and more than two active motions are necessary for
localizing the contact point. This is because the compliance
is no longer the function of the contact point alone, and
varies according to how much and which direction the lateral
slip occurs. The basic idea taken in the paper is to eventually
find the direction that avoids any lateral slip based on the
sensor information collected during the active motions.
Thus, another important issue of this paper is to explore the
sensing algorithm that can finally reach the pushmo direction
and avoid any lateral slip.

II. Related Works

A simple flexible beam sensor can take the form of a short
length of spring piano wire or hypodermic tubing anchored at
the end. When the free end touches an exteral 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
{8]. The sensor system is composed of an electrode 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.
Similarly shaped whiskers have been considered for legs of
the Ohio State University active suspension vehicle [9].
Russell has developed a sensor array [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 Jocalize a contact point between the beam and
the environment, while previous works do not.

III. Basic Structure and Working Principle
of 3D Active Antenna

3.1 Basic Structure

Fig.1 shows an overview of the 3D Active Antenna and its
coordinate system, where Zy (or upper script "B") and X; (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 ¢, and
a two-axis moment sensor to detect moments around both x,
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). Now, let us define
the sensing plane 1, with the plane spanned by two unit
vectors whose directions coincide with x; and y,. The design
orientation taken for the two-axis moment sensor enables us
to evaluate the direction of the contact force projected on the
plane I1 from the outputs of the moment sensor. As a result,
it allows us to examine the appearance of a lateral slip by
checking the angle between the pushing direction and contact
force, which will be discussed in section IV. Fig.2 shows an
overview of the developed 3D Active Antenna which is
composed of two DC servo motors, and a piano wire with
the length of 210 mm and diameter of 0.8 mm, and a two-
axis moment sensor.

Fig.1 Basic structure and its coordinate system of 3D Active
Antenna

Fig.2 An overview cf the developed Acuve Antenna

3.2 Main assumptions
For simplifying our discussions, we set the following
assumptions:
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Assumption 1: The antenna has equal compliance in a plane
perpendicular to the longitudinal axis. ,
Assumption 2: The antenna deformation is small enough to
ensure that we can apply a linear approximation.
Assumption 3: The shift of the contact point on the
environment is negligibly smail during active motions.
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.

3.3 Basic Working Principle Without Any Lateral Slip
We have the following kinematic relationship between r} and

rd: 7
B s
-5

- R
H—[obd II) ]9 (2)

where R and H are, respectively, the rotational matrix and the
homogeneous transformation matrix representing both
position and orientation of the sensor coordinate system with
respect to the base coordinate system, and 0,,5={0,0,0], and
"p=[Px» Py» P]', respectively. Since we can shift the origin of
Ip to I, without losing any generality, hereafter, we set
p=[0, 0, 0]t for simplicity. Then, eq.(1) can be simply
expressed by the following form:

r? = Rrs. €))

Let ¢ =[0, y,, 0]' be the contact point in I, with the joint
angles of ¢1 and ¢ before imparting A$; and A¢a. Once y,
is detected, the contact point in Xy can be easily obtained by
using the transformation matrix R between I, and Zg. Thus,
the main issue from now on is how to detect yp. Let 22 be

the position vector pointing to the contact point with respect
to the new sensor coordinate system after imparting small

angular displacements Ad; and A¢y. The upper subscript
"s+A" denotes the parameter taken with respect to the new
sensor coordinate system. The relationship between ri™ and
ri is given by

r*d = AR'r, @

For angular displacements A¢j and Ady, we have the
following relationship between the moment increase Am**4
and the contact force increase Af®*2,

Am™+A = pPaxAfES
= AR'rixAf )

Taking AQ,Afy +Af;*~Af* and -Af;2+Ad,AfA=-AfF® into
consideration, we finally obtain

It t ‘
[ampe amge ampe [yl ozt a2t 2] @

where Af$*=-A¢,Af?+Ad, Af**4, Note that A2 is much
smaller compared to the other two components. Since Amj
is the moment around the longitudinal axis of the antenna, it
should be small while the antenna keeps an approximate
straight line. This is the reason why we do not implement
the sensing axis for the moment around the y-axis. Note that
the moment arm y,, is common to both moments around the
x, and z, axes. This natore comes from the design orientation
taken for the moment sensor and is conveniently used when
evaluating the lateral slip at the point of contact. ,

Now, let us discuss the relationship between the contact
force and the deformation of the antenna. The relationship
between the virtual displacement vector Ar$*4 and the contact
force Af®* is expressed by

Aryd = CAfS o

where C=diag[c, € ¢o], and £ is a negligibly small value
since the longitudinal stiffness is extremely large compared
with those of the other two directions, and ¢, is the
compliance in the plane perpendicular to the longitudinal
direction of the antenna. From eq.(7), picking up two
components in the sensing plane, we can obtain,

s+4

Am
Adyo =coy ®

Am“A
Adyyg=cqg y;

For example, if we assume a beam whose cross sectional -
area is circular, ¢, is given by ¢, =y3/3El, where E and I are
the modulus of elasticity and the second moment of cross
section of the antenna, respectively. Then, €q.(8) can be
rewritten by,

Ady
Thus, we can obtain the contact point y, by using either one
in €q.(9). Since A¢j/Ami*® and A¢2/Ami?* mean the
rotational compliance around the z-axis and the x-axis,

respectively, eq.(9) eventually results in the following
compact form:

Yo = 3EIc 1410)]

where cis the rotational compliance of the system in contact
with an environment, and given by c=A8MAMI, with
AO = AT M /o =/A0, 2 +A8,°,  AM=y/(Am2%)’ HAmE)® |
Equation (10) explains the basic working principle of Active
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Antenna and means that the contact distance is simply
proportional to the rotational compliance which varies
according to the location of contact point. Note that the
location of the contact point changes linearly according to ¢
and it is the function of calone. These results exactly
coincide with our analytical results obtained for the planar
type Active Antenna [1], [2].

IV. Lateral Slip and Its Effect on Contact
Sensing

Here we explain the lateral slip by using the idea of the
friction cone. It should be noted that, during the sensing
motion, the longitudinal slip inevitably occurs, as shown in
Fig.1, because a beam-like piano wire is extremely stiff in
the longitudinal direction and is a little elongated along the
direction of an axial force, while it easily deforms for a
bending moment, When the angular displacements, A¢1 and
Aé, are imparted to the antenna, it deforms while keeping
contact as shown in Fig.1. If we can neglect the axial
elongation of the antenna, it continuously makes a
longitudinal slip on the point of contact to the environment
as Apy and A¢y increase, This allows us to consider only the
case of the dynamic friction cone during the whole active
motion.

Fig.3 shows the relationship among the virtual displacement
vector Arj, the effective displacement vector Arf*® and the
dynamic friction cone after a pushing motion, where « is the
angle of the dynamic friction cone.

Fig. 4 shows several physical parameters on the sensing
plane I1, where all components are projected on the sensing
plane IT and § denotes the angle between the normal direction
n and the contact force Af projected on the sensing plane
II, and v*, v-, @, ¥ and A denote outer and inner normal
directions of the environment's surface, the direction of Af,
the pushing direction with respect to the sensor coordinate
system, and the pushing direction with respect to the
environment surface, respectively. Since we assume the
uniform compliance by assumption 1, the contact force
always appears in the opposite direction against the effective
displacement vector Ar;*. This means that the contact point
moves so that Art™® and Af** are colinear each other. It
should be noted that the force projected on the sensing plane
can exist not only on the boundary but also within the
dynamic friction cone, while the contact force should always
exist on the boundary of dynamic friction cone. Since
UAryi>IAre)l while under a lateral  slip,
AR A A ID>ALSA (llArs*4ll), which means that the contact
force under no lateral slip is larger than that under one for the
same A¢j and Ady. Thus, the rotational compliance is
generally overestimated under a lateral slip. As a result, the
sensing accuracy will be deteriorated. This is a big difference
between 2D and 3D Active Antennae,

Before the analysis of the lateral slip, we make clear what
physical parameters we can measure by utilizing the sensors
implemented. There are two physical parameters obtained by
the sensors.

(1)The direction of contact force projected on I, v

From eq. (6), the following relationship exists.

Am#t  AfPA
TAmi - A an
X
a2
Fig.3 A general view of 3D Active Antenna
when a lateral slip occurs.
Dynamic friction cone » Nommal direction
Final
coatact point
contact point

Fig.4 Notations on the sensing plane I1

Since both Am}*4 and Am$** can be measured by the moment
sensor, we can obtain the direction of the contact force
projected on the sensing plane I1.

(2)The pushing direction ¢:
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Since each actuator has position sensor, the pushing
direction can also be measured.

Now, let us discuss the relationship between the pushing
direction and the direction of the contact force. For a

compound pushing angle A#, the lateral slip sy, is given by,
1 = Y0A8 (cosA, —sind tanf) 13

From the geometrical relationship, the effective displacement
vector Ars*® is imparted by

S+An sinl 1 4

HArS I =Y069€5;§ 14
The contact point in the antenna makes a slip in the direction
expressed by the ratio of the changing rate of the lateral slip
&, and that of the longitudinal slip $,,,, which eventually
provides the following relationship.

tan = 3350510 /g8 Gron) as)
Here, we assume that the changing rate of s,,, with respect to
A8 is given by the following equation.

'ﬁ?@(slat) = kYOAeinl?: (16)

cosP

where k is a positive constant and determined by solving the
load-deformation equation of the beam. Actually, the model
given by eq.(16) provides a very good approximation with
experimental data. Finally, considering the geometrical
relationship of tanP = tanasinry, we obtain,

cosA —sinA tanf

N -} -
tanf - tanc. sin (tan (kAesin}\./césﬂ))—O - an

Considering further geometrical relationships, A = g-v*~n/2
and B=v*-vy, we can obtain the following form from
eq.(17).

y=g,(0,A8,v*, o) (18)

We can see that eq. (18) shows the input-output relationship.
For a pushing motion with the pushing direction of ¢ and
the pushing angle A8 as an input, the direction of the contact
force projected on the sensing plane is provided as an output.
It should be noted that the output vy includes the
environment's geometry v* and the friction angle « at the
point of contact. Our indirect goal is to find the outer normal
direction v* through the active motion. Once v* is detected,
then the last pushing motion to the inner normal direction
will enable us to obtain the exact contact distance, So, the

main question from now on is how to reach the outer normal
direction v* through the active motion.

V. Planning of Active Motions

5.1 Case 1; No lateral slip

In this case, the analysis taken in section III remains true,
and the basic working principle eventually reduces to that of
a planar Active Antenna. However, a natural question that
comes up is how to recognize that the lateral slip is not
bappening under the sensors implemented.

Let 5 be the angle between the contact force and the virtual
displacement vector, namely 86=¢—y. When the virtual
displacement and the contact force vectors are colinear to each
other, the lateral slip is perfectly blocked. This condition can
be confirmed by examining the index, 15-nj=0. Based on 15~
7}, it can be judged whether a lateral slip is happening or not.
Once we can confirm that there is no lateral slip, the contact
point can be evaluated along the idea explained in section II.

5.2 Case 2: Lateral slip

As expected from Fig.3, under a lateral slip, the virtual
displacement and the contact force vectors are no more
colinear to each other. This state can be confirmed by

examining 15~w}=0. It should be noted that the contact force
always exists on the boundary of the dynamic friction cone
during the lateral slip, as shown in Fig.3, but it is no more
on the boundary when the contact force is projected on the
sensing plane, as shown in Fig.4. From eq.(18), we can see
that the direction vy is a function of the pushing direction
alone when the environment and the pushing angle A8 are
given, since both v* and o become constant. This
relationship can be written by v = g,(@). The direction of the
contact force y provides us with an important clue for
determining the next pushing direction. Considering that
8 = ¢y, eq.(18) can be rewritten in the following form.
8 =0-2,(0) 19

Since 3=r under no lateral slip, finding the pushing direction
¢ satisfying 3=r corresponds to avoiding any lateral slip.

To explain an example of the concrete. form of the function
8:(0, A8, v*, ), let us assume the pushing motion for the
environment whose outer normal direction v* is equal to 7/2
and the friction angle o to w18, We also assume the pushing
angle of A6=w/36. Fig. 5 shows the reiationéhip between the
pushing direction ¢ and 8, where the real line denotes the
analytical result and the circles show the experimental
results. The matching between analytical and experimental
results is fairly good, which suggests the validation of the
analysis taken in chapter IV. The important feature is that ¢
is the simply increasing function with respect to 5, while we
do not provide the exact proof owing to the limited number
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of pages. This feature is important for ensuring the
convergence of the algorithm proposed in this section. Also
we would remark that § is very close to &, when the pushing
direction is so selected that it can enter the dynamic friction
cone. Because of this particular feature, the compliance
obtained for a pushing motion whose direction exists within
the friction cone is not so different from that obtained for the
normal direction.

xx/180 .
270

240

210

8 [rad]
8

150

120

300 30 360
xx/180

180 210 ‘240 270
Pushing direction ¢ [rad]}

Fig.5 The relationship between 8 and ¢ (a=n/18, A8=r/35)

[Algorithm]

1)The 1st trial: Assume the first pushing motion in an
arbitrary direction ¢ for the given environment, where the
upper subscript denotes the number of trial. Let w() be the
direction of contact force resultantly obtained for the first
pushing motion.

2)The 2nd trial: The second pushing direction is chosen in
the following,

oP=¢D- %sign(ﬁ“ _m) (20)

where §%W=p("—y", When we choose the second pushing
direction according to €q.(20), y and y®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 contact force projected on II can never be

away from the boundary of the dynamic friction cone
projected on 11, the following condition hold.

@n

Eq.(21) implies that the angle between v* and the arithmetic
mean of y and y® is less than o/2.

3)The 3rd trial: The third pushing direction is chosen in the
following,

o® = (Y2 + 1 22)
Because of the form of the function shown in Fig.5, w® (the
direction of contact force) is closer to the normal direction
than ¢®, namely, l¢@-v-1>®—v*l. From ineq.(21) and
eq.(22), the difference between y® and v* is at most /2.

4)The 4th trial:

Picking up ¥ and either ¥ or y®, we choose the fourth

pushing direction in the following.
o = (yP+y D)2+ 1 23)

where (alb) ={xImin (8% ~ i), x=a, b} By introducing this

function, we can always choose the trial whose lateral slip is
smaller than the other.

In general, for the n-th trial, we can easily prove that the
following inequality exists.

@y < o/27"2 n>3 24)
Since Jip{®/2""*}=0, Jimy®™=v*, which means that the
direction of contact force finally reaches the cuter normal
direction, namely, the pushing direction coincides with the
inner normal direction. Thus, we can find the normal
direction of the environment. 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.

VI. Experimental Approach

1A

ot
o

L1

| m M ]
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o
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o
[-]

[~ ]

Fig.6 Calibration test without any lateral slip

The damping control is utilized for each actuator, since the
antenna automatically stops with a prespecified torque,
when it contacts the environment. Without any careful
motion planning, the first active motion is executed
automatically.
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Fig.6 shows the calibration test with five trials for each
contact location with no lateral slip, where ¢, denotes the
rotational compliance obtained for the pushing motion
against the normal direction of the environment, and the real
curve corresponds to the theoretical one obtained by
considering the length of the adapter. From Fig.6, we can
understand that the repeatability is fairy good and the
experimental data are very close to the theoretical curve.

Fig. 7 (a) and (b) show the process of convergence of 3 and
c/c,with respect to the number of trial, respectively. It
should be noted that both 8 and c/c, converges very quickly
as the number of trial increases. With three times trials, both
8 and ¢/c, almost reach their equilibrium points. When c/c,
is equal to unity, we can obtain the contact distance very
accurately.

Fig.8 shows the relationship between i-th pushing direction
and the direction of i-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 direction computed by eq.(22) provides nearly the
inner normal direction, and, therefore, the direction of contact
force is also very close to the outer normal direction.

VII. Conclusions

We explained the basic principle of 3D Active Antenna and
demonstrated that the location of the contact point is simply
proportional 1o the rotational compliance alone, if there is no
lateral slip. We considered how to detect the lateral slip from
the sensors available, and showed that this can be done by
using the two-axis moment sensor, We further showed that
even under a development of lateral slip during the first
active motion, the proposed algorithm can eventually reach
the pushing direction without any lateral slip, and the contact
distance can be obtained with the normal direction.
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