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Active Antenna for Contact Sensing

Makoto Kaneko, Member, IEEE, Naoki Kanayama, and Toshio Tsuji, Associate Member, IEEE

Abstract— This paper proposes a new active semsor system
(active antenna) that can detect not only the contact location
between an insensitive flexible beam and an environment but
also the information of the environment’s surface where the
beam makes contact. The active antenna is simply composed of
a flexible beam, actuators to move the beam, position sensors to
measure the rotational angle of the beam, and a2 moment sensor.
We first show that the contact distance under no lateral slip
is proportional to the rotational compliance that the beam can
sense at the rotational center. The lateral slip, which possibly
occuars according to the pushing direction and the environment’s
geometry, 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 location under such
conditions. We explore how to detect a lateral slip and how to
determine the new pushing direction to avoid it. We show an
algorithm that can search for the pushing direction which can
-aveid any Iateral slip. The convergence of this algorithm is shown
and a practical atilization of this algerithm is also discussed with
a trade-off between the number of trials and the sensing accuracy.

Index Terms— Active antenna, comtact point sensing, tactile
sensing,

1. INTRODUCTION

LURAL eyes which are the vision system for insects,

may work effectively in either detecting the rough shape
of object or confirming the existence of object. However, it is
well known that they can neither recognize the precise shape
of an object nor measure the distance up to the object. On
the other hand, insects have two advanced antennae that can
compensate for the limitation of the sensing capability by
their vision system. Furthermore, insects seem to use their
antennae skillfully so that they may avoid colliding with
objects particularly close to them. An interesting observation is
that insects are always moving their flexible antennae actively
as shown in Fig. 1, while crawling, running, and even staying
still. The antenna can be characterized by its flexibility and
active motions. Active motions might be useful for extending
the sensing volume in three-dimensional (3-D) space, and the
flexibility of the antenna would contribute to reducing the
impulsive force appeared when the antenna contacts an object
unexpectedly. While insect’s antenna possesses these inherent
advantages, our main goal is to propose a new active sensing
system, in which both flexibility and active motions essentially
contribute to localizing contact point between the antenna and
environment.
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Insect’s antennae.

Fig. 1.

There have been a number of works discussing insect’s
antennae-like semsor or whisker type sensor. For example,
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 external object, the
wire bends. This can be sensed by a piezoelectric element or
by 2 simple switch [1]. A more elaborate sensor is described
by Wang and Will {2]. Russell designed articulated whisker
probes [3] which can measure the outline of objects. As far
as we know, this is the first work that demonstrated the
capability of providing detailed outline images of small objects
by whisker type sensor, while it is assumed that the whisker tip
is always in contact with objects. Long antennae-like whisker
sensors were mounted on the SRI mobile robot, Shakey [4],
and on Rodney Brook’s six-legged robot insects [5]. Hirose
et al. discussed the utilization of whisker sensors in legged
robots [6]. 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 [7]. Russell
has developed a sensor array [8] by mounting whisker sensors
on a2 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 the environment,
and that when the whisker contacts the environment except for
the tip, it is assigned to a failure mode. Wilson and Mahajan
[9], Snyder and Wilson [10] have designed the whisker probe
system composed of a piano wire with strain gauge sensors and
the base sweep actuators made of two polyurethane tubes that
bend when pressurized with air. Wilson and Chen [11] have
reported experimental results that demonstrate the precision
and accuracy of the whisker probe system in detecting and
displaying solid boundaries enclosing areas up to 40 by 50
cm. These works also assume that the whisker tip always
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makes contact with the object. The major difference between
previous works [1]-[11] and ours is that the active antenna
can localize a contact point between the insensitive antenna
and the environment, while previous works do not.

Concerning the contact point localization, there have been
several works. All of them can be categorized into either the
passive sensing or the active one. As for passive sensing, Tsu-
jimura and Yabuta have addressed an object shape detection
system using a six-axis force/moment sensor and an insensitive
flexible probe [12]. This approach is based on the original idea
that a six-axis force/moment information makes it possible to
estimate a contact location as well as a contact force, which
was first pointed out by Salisbury [13] and Iater extended
more general and mathematical forms by Brock and Chiu
[14], Tsujimura and Yabuta [15], and Bicchi [16}. However,
the utilization of six-axis force/moment sensor is generally
expensive and requires a carefully prepared calibration matrix
data so that we can compute the contact information with high
accuracy. Also due to the direct use of force/moment sensor
output, both the drift and noise are inherently involved in the
output signal, and this deteriorate the sensing robustness. As
for active sensing, Kaneko and Tanie [17], [18] have proposed
an approach to detect contact point between a finger link and
an object by using strategic link motions. A finger link having
a compliant joint can change its posture while maintaining
contact between the link and the object, when imparting an
angular displacement to a proper joint. From two link postures
before and after strategic link motions, we can compute the
intersection between two links, which provides us with an
approximate contact point. Kaneko, Maekawa, and Tanie [19],
Maekawa et al. [20] have shown different approaches with
assuming a finger tip tactile sensor.

An active antenna is composed of an insensitive flexible
beam, actuators to move the beam, position sensors to measure
the beam position, and a two (at most)-axis moment sensor to
evaluate the contact force. To understand the sensing principle
of the active antenna intuitively, let us comsider a simple
example. Suppose that we grasp a flexible beam like a fishing
rod by one hand. When the beam makes contact with an object
close to the grasping point, we feel a stiff resistance to pushing
motion. On the other hand, when the contact happens close
to the tip, we feel relatively large compliance. This means
that the rotational compliance which we can feel at our hand
is a function of contact position. Thus, the active antenna is
a sensing system enabling us to detect the contact location
through the measurement of the rotational compliance of an
insensitive flexible antenna in contact with an environment.
Since we can not measure the rotational compliance without
imparting a proper active motion, active motions are quite
essential for the proposed sensing system. The flexibility of
the antenna is also quite essential, because the rotational
compliance never changes according to the contact location
without the distributed flexibility of the antenna. One big
advantage of active antenna is that the contact point sensing
is achieved through a surprisingly simple active motion and is
not required any complicated motion planning. This is because
the flexibility of the antenna successfully absorbs the contact
force, even under a large positional error.
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Fig. 2. Basic behaviors of a flexible beam during a pushing motion for an
environment. :

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 [17]-[19], we do not repeat this phase again
in this paper. We suppose that at the initial state, the antenna
is already in contact with the environment. Fig. 2 shows two
examples of pushing motions, where (a) and (b) correspond
to a two-dimensional (2-D) and a 3-D active antemna [21],
[22], respectively, where the antenna’s motion is restricted in
a plane for a 2-D model while it can sweep in 3-D space
for a 3-D one. While imparting a pushing motion for a 2-
D active antenna, a longitudinal slip inevitably appears to
satisfy the geometrical relationship between the antenna shapes
before and after a bending deformation. While applying a
pushing motion for a 3-D one, however, a lateral slip may
occur in addition to a longitudinal slip. The lateral slip,
which is the inherent characteristic for 3-D 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
in contact with the environment and, as a result, deteriorates
the sensing accuracy. On the contrary, 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. Therefore, one of the key issues in this
paper is how to detect the lateral slip by using the implemented
sensors. Once any lateral slip is detected, one active motion
is no longer sufficient and more than two active motions are
necessary for localizing the contact point. This is because the

rotational compliance is no longer a function of the contact

point alone, and varies according to how much and to which
direction the lateral slip occurs. The basic idea taken in the
paper is to eventually find the direction that avoids any lateral
slip during the active motions. Thus, another important issue
of this paper is to explore the sensing algorithm that can finally
reach the pushing direction avoiding any lateral slip. Once we
find such a direction, the problem results in that of a 2-D
model, since the antenna’s motion is restricted in a plane.
As a result, the contact point can be obtained through the
measurement of rotational compliance during the last pushing
motion where no lateral slip is detected. Therefore, we can
block out a lateral slip only if a pushing motion is imparted
to the normal direction of the environment. Thus, if we can
find the direction which does not have any lateral slip, we can
obtain both the contact location and the surface including the
normal direction simultaneously.
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This paper is organized as follows. After defining active
sensing, we explain the basic working principle of active
antenna using a 2-D planar model in Section . In Section I,
we address a general 3-D active antenna with its mechanical
structure and its basic sensing algorithm considering a lateral
slip. In Section IV, we deal with the effect of environment
curvature on the sensing accuracy before concluding the paper.
In Section V, we discuss how to cope with a compliant object.

II. NECESSITY OF ACTIVE MOTIONS AND BEAM FLEXIBILITY

In this section, we explain why both active motions and
beam flexibility are essential for localizing a contact point.
Our basic group A Assumptions are listed as follows.

A-1: The object is rigid.

A-2: The deformation of the beam is small enough to
ensure that we can apply classical beam theory.

The environment (called also as object) to be sensed
is stationary during active motions.

The elongation of the beam due to a unit axial force
is negligibly small compared with the deflection due
to a unit bending force. '

Before imparting an active motion, the beam is al-
ready in contact with an environment with zero con-
tact force.

The beam is connected to the actuator shaft at the
center of rotation.

The beam’s motion is limited to a plane.

The pushing motion is applied to the normal direction
of the environment. :

A-9: The beam makes contact with an edged environment.

Assumption A-1 is quite essential, since the proposed
scheme cannot decompose the sensed compliance into the
one coming from the beam itself and the other from the
environment. Assumption A-2 can be conveniently utilized
when extracting a simple result from a set of nonlinear
equations. Since a piano-wire like beam can deform easily for a
bending force, Assumption A-3 can exist for most of practical
cases. Assumption A4 implies that the antenna is extremely
stiff in its axial direction, while it is very compliant in nonaxial
direction. Assumption A-6 is necessary for avoiding the
complicated formulation. For practical application, however,
the sensing system needs a proper adaptor for connecting an
actuator with a beam. Such an adaptor has a large stiffness
compared with the beam and, as a result, brings a complicated
relationship between the contact length and the rotational
compliance. In order to understand the true nature of an active
antenna, we assume a 2-D model with Assumption A-7. But
this assumption is removed in Section HI when discussing the
3-D model. Assumption A-8 is for avoiding any lateral slip at
the point of contact. With Assumption A-9, we can neglect the
effect of the shift of contact point on the environment, while
it always changes along the beam. We consider the effect of
the environment’s curvature later part, in Section IV. We hold

A-3:

A-4:

A-5:

A-6:

A-T:
A-8:

Assumptions A-1, A-2, A-3, A-4, and A-5 through this paper,

while four others are either relaxed somehow or removed later.
Let us now consider a beam element in contact with an
object as shown in Fig. 3, where (a) and (b) are rigid and
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Fig. 3. Difference in behavior of rigid and flexible beams under increasing
the joint torque.

flexible beams, respectively. When a beam contacts an object,
a contact force will appear between the beam and the object.
As a result, the actuator receives a reaction torque generated
by the contact force. This torque 7 is given by

¢y

T = fnsaz

where f, and s, are the force component normal to the beam
and the distance from the beam fixed end to the contact point.
Equation (1) includes two unknown parameters, ie., f, and
3. Even when we can detect 7, we can not decompose it into

fn and s, if the beam is rigid. Thus, we can not determine the

contact distance s, under a rigid beam. Let us now consider a
fiexible beam as shown in Fig. 3(b). For such a flexible beam,
we can impart an additional angular displacement 6,44 to the
beam even after it contacts an environment. Under a constant
angular displacement 8,44, we can expect a marked increase
in contact force especially when the contact point is close to
the face of the beam, while it will be small when it is close of
the beam’s tip. For an arbitrary contact point, we can expect a
larger contact force for a larger pushing angle 8,44. This means
that the contact force is a function of the contact distance s,
and the pushing angle 8,44, which yields

fn = Fl(szs oadd) 2

where F'| is determined by force-deformation relationship of
the beam. From (1) and (2), we can eliminate f, and finally
obtain

3

Sz = F2(Ta 8&dd)~

If we assume a torque sensor and an angular sensor at the base,
the right hand term becomes known and thus, we can obtain the
distance up to the contact point along the beam. For example,
let us assume a flexible beam whose cross section is uniform
along the beam. For such a beam, (2) can be rewritten by

3EIf,4,
T

o @
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where E and I are the elasticity and second order moment of
cross section of the beam, respectively. Therefore, we can get
badd

s =3ET .
T

&)

Equation (5) is quite simple but it tells us an important
relationship. Namely, the distance s, is in proportion to the
angular displacement 0,47 and in inverse proportion to the
Joint torque 7. To obtain a more compact form, we introduce
the following relationship between 7 and 6,44

©®

where Cy is the so called rotational compliance. Substituting
(6) into (5), we obtain

Oaga = Cor

Sy = kCg (7)

where k = 3EI. Equation (7) implies that the distance s,
is simply in proportion to the rotational compliance of the
beam in contact with the environment. In other words, the
compliance changes linearly according to the contact length.

Note that neither (5) or (7) can be derived without both
beam flexibility and an active motion. In other words, an active
motion for a flexible beam enables us to decompose the torque
7 into f, and s, respectively.

Let us now briefly explain the effect of friction force on
the measurement of the contact point. A contact force can
be separated into normal and tangential components, while
the above discussion focuses on the normal component alone.
The tangential component brought by a frictional force is not
uniquely determined but varies according to the contact con-
dition where the beam makes contact. When a straight beam
is used, we can neglect the effect of friction force, because a
tangential force makes only a negligibly small moment around
the torque sensor as far as the beam deformation is small
enough (Assumption A-3). This is not the case for a curved
beam, since both normal and tangential force components
contribute to producing nonnegligible moments around the
torque sensor. As a result, the rotational compliance is the
function of the friction coefficient at the point of contact as
well as the contact distance. Now, we summarize an important
remark; For straight antenna, it is always, possible to localize
the contact point irrespective of the friction at the point of
contact (Friction robustness for sensing). For curved antenna,
the contact point sensing is influenced by friction at the point
of contact.

In the case of a straight antenna, a lateral load produces a
well defined deflection proportion to the load.- However, the
antenna will be able to support a much larger axial load with
little deflection because of extremely high stiffness in such a
direction. At some poorly defined critical value of axial load
the antenna will buckle and collapse. Furthermore, since such
an axial load generates no torque around the torque sensor,
this situation can not be monitored by the installed sensors.
While there exists such a disadvantage for utilizing a straight
antenna, we believe that it is important to take the advantage
of the friction robustness in sensing by a straight antenna and,
therefore, assume the straight antenna hereafter.
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Fig. 4. Basic structure and its coordinate system of 3-D active antenna.

MI. BASIC STRUCTURE AND WORKING
PRINCIPLE OF 3-D ACTIVE ANTENNA

A. Basic Structure

~ Fig. 4 shows a schematic of the 3-D active antenna and
its coordinate system, where X g (or superscript “B”) and X,
(or superscript “s”) denote the base coordinate system and the
sensor coordinate system, respectively. The 3-D active antenna
is composed of an flexible beam, two actuators to move the
beam in 3-D space, two position sensors to measure the angular
displacements ¢; and ¢,, and a two-axis moment sensor to
detect moments around both z, and 2, 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 1I, as the plane
spanned by two unit vectors whose directions coincide with z;
and z,. The design orientation taken for the two-axis moment
sensor enables us to evaluate the direction of the contact force
projected on the plane II from the outputs of the moment
sensor. Fig. 5 shows a picture of the developed 3-D 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. The design orientation of
the antenna geometry is given in Appendix.

B. Main Assumptions

Here, we remove the Assumptions A-7, A-8, and A-9, since
they are inherent assumptions for a 2-D model. Instead, we set
the following additional group B Assumptions.

B-1: The antenna has a uniform compliance in a plane

perpendicular to the longitudinal axis.

B-2: The environment has an extremely small curvature

along the axial direction of the beam.

A uniform beam having a circular cross section, such as
a piano wire can satisfy Assumption B-1. For such a beam,
the direction of reaction force is exactly colinear with that
of the beam deflection, which can be conveniently utilized for
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Fig. 5. An overview of the developed 3-D active antenna.

judging the occurrence of the lateral slip. With Assurption B-
2, we neglect the effect of the environment’s curvature on the
sensing accuracy for simplifying the discussion. In Section IV,
we will discuss the effect of environment’s curvature on the
sensing accuracy.

C. Basic Working Principle Without Lateral Slip
We have the following kinematic relationship between r3

and rB:
2] _glr
faf] e
| R »
_—liolxs 1] ©)

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 o;x3 = [0, 0, 0], and
P = [Pz, Dy, P-], respectively. Since we can shift the origin of
Zp to X, without losing any generality, we set p = [0, 0, 0}*
for simplicity. Then, (8) can be expressed as

r2 = Rrs. (10)
Let r$ = [0, s, 0] be the contact point in X, with the joint
angles of ¢; and ¢, before imparting A¢; and Ags. Once s,
is detected, the contact point in ¥p can be easily obtained by
using the transformation matrix R between X, and .. Thus,
the main issue from now on is how to detect s..

Let Am; and Am} be the measured in elemental moment
along the z; and z, directions, respectively. Then, the resultant
moment in the sensing plane is simply

|AM]| = v/(Am3)2 = (Ams)>.

an

With elementary beam theory and a beam of round cross
section, we can obtain the following compact form between
s and Cy

sz = 3EICy (12)

where Cy = O,qq/||AM]], with 8,04 = [|ArS)|/s. =
VA¢? = A¢Z. Equation (12) is exactly the same as (7)
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Fig. 6. Calibration result for an edged object without any lateral slip.

obtained for the 2-D model. Thus, under no lateral slip, the
working principle of the 3-D model reduced to that of 2-D
model, as expected. '

Fig. 6 shows an example of calibration results obtained
under no lateral slip, where the real line denotes the theoretical
result and the circles denote experimental data for five trials. It
can be seen from Fig. 6 that the agreement between theoretical
and experimental results are fairly good and the repeatability
of experiments is also fine. It should be noted that there exists
a small nonlinear effect between the contact distance and the
rotational compliance, while the analysis under Assumption
A-6 shows that the contact distance is purely proportional to
the rotational compliance. This nonlinearity comes from the
existence of the adaptor between the actuator shaft and the
beam. The theoretical line in Fig. 6 is obtained by considering
the geometry of the adaptor [21].

D. Basic Working Principle Under Lateral Slip

1) Lateral Slip and Its Effect on Contact Sensing: The
antenna is extremely stiff in the longitudinal direction and is
not elongated along the direction of an axial force (Assumption
A-4), while it easily deforms for a bending moment. When
the angular displacements, A¢; and A¢,, are imparted to
the antenna, it deforms while keeping contact as shown in
Fig. 4. During this pushing motion, it continuously makes a
longitudinal slip on the point of the contact to the environment.
This allows us to consider only the case of the dynamic friction
cone during the whole active motion.

Fig. 7 shows the relationship among the virtual displace-
ment vector Ar;, the effective displacement vector Aré and
the dynamic friction cone after a pushing motion, where o is
the angle of the dynamic friction cone. Fig. 8 shows several
physical parameters projected on the sensing plane II, where
vt, v™, %, and ¢ denote the outer and the inner normal
directions of the environment’s surface, the direction of Af?,
and the pushing direction with respect to L, respectively.
Since we assume the uniform compliance by Assumption B-1,
the contact force on IT always appears in the opposite direction
against the effective displacement vector ArZ. This means that
the contact point moves in such a way that Ar$ and A f are
colinear. It should be noted that the force projected on the
sensing plane can exist either on the boundary or within the
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Fig. 7. A general view of 3-D active antenna when a lateral slip occurs.
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Fig. 8. Notations on the sensing plane II.

projected cone, while the contact force always exists on the
boundary of the dynamic friction cone. Since {|Ars|| > ||Ars||
under lateral slip, Af2(||Ar2]]) > AFfi(]|ArE]]), which means
that the contact force under no lateral slip is always larger
than that under lateral slip. Thus, the rotational compliance
is generally overestimated under lateral slip. As a result, the
sensing accuracy will deteriorate. This shows the difference
between a 2-D and a 3-D active antenna.

2) Judgement of Contact States: Before conducting an
analysis of the lateral slip, we make clear what physical
parameters we can measure by utilizing the implemented
sensors. There are two physical parameters obtained by the
sensors, the direction of the contact force ¢ and the pushing
direction .

a) Direction of contact force projected on 11, ¢: From
the force-moment balance equation, the following relationship
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Fig. 9. Three patterns of the contact states.

exists:
Ami _Af]
| vy (13)
S 8
W = tan~! (%%) = tan~! (:%%) 14)

Since both Am? and Am? can be measured by the moment
sensor, we can obtain the -direction of the contact force
projected on the sensing plane II

b) How to detect lateral slip: Since each actuator has a
position sensor, the pushing direction can also be measured.
The pushing direction ¢ can be regarded as an input for this
sensor systern, and it provides the direction of contact force
as an output. There are three patterns for judging the contact
states, as shown in Fig. 9. Let § be the difference between
2 and . If § is less than =, it means that the antenna slips
in the left direction. If § is greater than , it means that the
antenna slips in the right direction. If 6 is equal to , it means
that there is no slip during the pushing motion. Based on this
information, the next pushing direction is determined so that
we can eventually obtain the direction without any lateral slip.

¢) Sensing strategy: The main goal is to find the pushing
direction that avoids lateral slip. Once we find such a direc-
tion, the problem reduces to that of a planar active antenna,
discussed in Section II. Fig. 10 shows the sensing strategy to
find the direction avoiding any lateral slip.

i) First trial: For the first trial, the antenna is pushed
toward an arbitrary direction (1) [upper script (i) means ith
trial]. Let ¢)(!) be the direction of contact force obtained by the
first pushing motion. When § = 7, we can obtain the contact
distance immediately from the rotational compliance computed
by both the torque increment and the angular displacement.
Later on we assume the case of § < . Extension of the
analysis to the case of § > 7 is straightforward. From the
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Fig. 10. Explanation of the sensing algorithm.

pattern shown in Fig. 9, the sensor system can recognize a
slip in the Jeft direction. It should be noted that the following
discussion holds irrespective of initial é.

i) Second trial: The second pushing direction is chosen
so that the slip may appear in the opposite direction against
the first one. This can be achieved by choosing the pushing
direction in the following way:

¢® = o — signls® -] . = 1)
where §(1) = (1) — (1) When choosing the second pushing
direction according to (15), 41 and ¥ always lie in two
different regions, namely, one is in the right half plane with
respect to the outer normal vector, and the other is in the left
one. Since the contact force projected on II can always exist
within the boundary of the dynamic friction cone projected on
11, the following condition holds:

@) 4 @
e ¥+ a

+ o T )
v 5 3 <y -}-2. (16

Equation (16) implies that the angle between v and the
arithmetic mean of ¥ and ¥(® is less than o/2.

fii) Third trial: The third pushing direction is chosen so
that the extended line may divide ¥ and ¥® equally,
namely ‘

e® = [p® + ) 2 4 7, an
From (16) and (17), the difference between ¥ and v+ is
at most «/2. This means that after the third trial, the contact
force projected on II exists within the cone whose angle is less
than the half of the dynamic friction cone. This nature can be
conveniently exploited in estimating the sensing accuracy.

iv) ith trial (i > 4): Picking up ¥V and ¢®) (1 <
k < i—2), we choose the ith pushing direction in the following
way:

@ = [+ M2 47 (18)
where {k|[C¢~D —v+][p® —~1F] < 0Nmin |y -+, 1 <
k < i-2}. Note that by examining § we can evaluate the sign
of 1) —y*(1 < j < i — 1) and how close the pushing
direction is to v, although the direction of ¥ is unknown.
Equation (18) means that the pushing direction is determined
so that the normal direction v always exists between ¢(—%)
and ¢*), By choosing the pushing direction in this way, the
maximum angle deviation between the contact force projected
on II and the outer normal direction is given by

max |¢® — | < -2-—% i>4 (19)
Since lim; oo /2573 = 0, lim;_, 0o ¥ = v, the direction
of contact force finally converges to the outer normal direction
on I1. Namely, the pushing direction coincides with the inner
normal direction on II. Thus, we can find the normal direction
projected on II. Once we detect such direction, the contact
distance can be obtained by simply computing the rotational
compliance, because the rotational compliance under no lateral
slip becomes a function of the contact distance alone. Thus, the
convergence of the algorithm is ensured if an infinite number
of active motions are allowed, while it is not an efficient way.
Fig. 11(a) and (b) show typical experimental results, where
the convergence process of § and Cy/cy are plotted with
respect to the number of trial, respectively. It should be noted
that both § and Cy/co converges very quickly as the number
of trial increases. With three times trials, both § and Cg/cp
almost reach their equilibrium points. When Cy = ¢y, We
can obtain the contact distance accurately, since ¢g represents
the rotational compliance obtained under the pushing motion
toward »~. Fig. 12 also shows an experimental result, where
the relationship between ith pushing direction and the direction
of ith contact force is expressed by arrows. For the first
pushing, the antenna makes a lateral slip toward the left side.
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 (18) provides nearly the
inner normal direction, and, therefore, the direction of contact
force is very close to the outer normal direction.
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Fig. 11. Convergence process for 6§ and Cy/co: (a) § versus the number of

trials and (b) Cy/co versus the number of trials.

Fig. 12. The relationship between ¢{?) and 2{(9.

d) When can we stop the trials?: A natural question that
comes up is when we can stop the trials. In other words,
how many active motions are really necessary for keeping
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a sufficient accuracy? Fig. 13 shows the compliance ratio
Car2 /o when the pushing motion is imparted in the direction
of af2 from v, where C, /5 denotes the compliances under
the pushing motion in the direction of a/2 from v~ . From this
figure, it can be found that if the pushing direction is selected
within o/2 from v, it is ensured that the theoretical sensing
error can be kept within the range of 1% imrespective of the
size of the dynamic friction cone. By combining the results
in Figs. 11 and 13, we can say that three active motions are
sufficient for keeping less than 1% of theoretical sensing error.
Finally, Fig. 14 shows the relationship between the pushing
direction ¢ and compliance ratio, where the real line denotes
the analytical result and the circles show the experimental
results. Experimental results demonstrate a remarkable clo-
sures of Cy and ¢ when the pushing angle lies in the range
[—a/2, a/2], which supports our analytical result. The precise
derivation of C,/; is given in the Appendix.
e) Example of contour sensing: Fig. 15 shows an exam-
ple of contour sensing, where the experiment is executed for a
box. The circles represent the points detected by applying the
proposed contact point-sensing strategy. It needs at least three
trials for detecting the first contact point with the theoretical
sensing error of less than 1%. For finding the next contact
point, the first pushing motion is given in the same direction
as that obtained in the last trial for detecting the former contact
point. This approach is based on the idea that the normal
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Fig. 15. Experimental result of the contour sensing.

direction at ith contact point is usually not so different from
that at (i — 1)th contact point. This approach provides us with
a time efficient sensing. For the prototype model, the sensing
speed for one trial is 1.5 s, which leads 4.5 s for localizing
one contact point.

IV. EFFECT OF THE ENVIRONMENT’S
CURVATURE ON THE SENSING ACCURACY

So far, with Assumptions A-9 and B-2, we assumed that
the antenna makes contact with a sharp edged object, and
therefore, the contact point on the environment does not
change or the shift is negligibly small, while the contact point
along the antenna continuously moves during a pushing motion
to satisfy the geometrical relationship between the antenna
shapes before and after the bending deformation. When the
environment has a finite curvature, the contact point moves
continuously on the environment during the pushing motion.
As a result, the contact point will shift toward the joint of
the antenna. Since a calibration test as shown in Fig. 6 is
normally done for a sharp edged object, it is important to
evaluate in advance how a large sensing error is expected by
the environment’s geometry.

Since the antenna motion is finally reduced into a planar
motion even in the case of the 3-D active antenna, without

losing generality, we can consider 2-D active antenna contact-

ing an environment as shown in Fig. 16. Here s, and s are the
initial contact length and the final contact length, respectively,
and the dotted line denotes the tangent to the antenna’s shape
at the base point. The lower subscripts “i” and “f” denote
initial and final values, respectively. If the environment has
a sharp edge at the initial contact point, s, and s should
be exactly same. However, they are no longer same when
it has an appropriate curvature at the point of contact with
the antenna. We assume that the object shape is described
implicatively by the following equation: G(r) = 0, where r
is a position vector whose origin is given at an arbitrary point
as shown in Fig. 16. Here in this figure, and £; and §; are the
unit vectors perpendicular each other. For our convenience, we
choose the direction of &; is so determined that it coincides
with the longitudinal direction of the initial beam posture.

Environment

Initial Contact
*!1  Point

Fig. 16. Analytical model and definition of parameters.

First of all, let us qualitatively consider the effect of the shift
of the contact point during sensing. As seen from Fig. 16, the
shift of the contact point can be decomposed into the —¢; and
&, directional shifts, which bring two different effects for the
rotational compliance around the base. The —&; directional
shift contributes to reducing the rotational compliance, while
the &, directional one contributes to increasing it. Thus, these
two shifts act on the rotational compliance so that they may
cancel each other, though the degree of cancellation strongly
depends on the environment’s curvature at the point of contact,
on the contact length, and on how a large pushing angle
is imparted. Let us now focus on the intersection between
the initial and the final beam postures. For a sharp edged
environment, this intersection coincides with the initial contact
point. For an appropriate curved environment, this intersection
always shifts toward the base of the beam. This means that
under a constant pushing angle 8,44, the torque increase for
a curved environment is always larger than that for an edged
environment, which proves Cp. < Cy. where the subscript
“c” and “e” denotes curved and an edged environments,
respectively. Therefore, the sensor system always provides a
shorter distance for a curved environment than that for an
edged one.

Since the £; directional shift of the contact point is ex-
pressed by the scalar product —£(r; — r;), s, — 5 is given

by

sz —s=—€i(rs—r). (20)

Similarly, since the & directional shift of the contact point is
expressed by £5(r; — r;), the geometrical balance in the &,
direction is given by
i
3ET
Since a normal direction on the environment’s surface is
represented by V G(r), ¢ defined in Fig. 18 is given by
IVG(rs) x VG(r)ll
VG(rs)-VG(r;)
Since the displacement angle of the antenna is equal to
¢ + 8,44, there holds

= 88444 — E5(r7 — T1). [3))

(~tan ( = (22)

]
I8 s+

2ET @3
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The joint torque and the rotational compliance Cy. expressed
by 7 = sf and Cy, = O4q4q/7. Equations (21)~(23) form a
set of basic equations for solving the relationship between the
contact distance s and the rotational compliance Cjy.. Since
the local environment’s shape has a constant radius R, we can
use a circular object instead of an environment without the
loss of generality. Thus, hereafter, we study a circular object
with the following mathematical form:

G(r)=|lr—roll -R=0 24

where r is the position vector pointing the center of the circle.
From (24)

r—7Ty

R

VG(r) = 25)

Therefore, we obtain
|lr = roll
R

By taking (25) into consideration, vy — r; is alternatively
expressed by

VGl = =1 (26)

rs—1i = R{VG(ry) - VG(r:)}. @n
Since
= YO G,
&= "oy~ o) e

the &, directional shift of the contact point is given by the
scalar product

E(ry—r)
=~{VG(r:)}'R{V G(r;) = V G(r:)}
=RV G(rp)lllV G(r:)i cos ¢ + RV G(r3)|f
= R(1 — cos (). 29
On the other hand, taking into account the relationship &, =
-V G(r:)
~Ei(rs —r:) = £ R{V Glry) - VG(r:)}

=—§R{VG(rs) + &)}
= ~RIV Gry)lEslleos (¢ + T)
= R sin (. (30)

By replacing &% (r; —r;) and —€5(r; — ;) with R(1 — cos ()
and R sin (, respectively, we finally obtain

sz —s=Rsin (, (31
js® ’
3—§ = 895“13 -— R(l - COS C) (32)

Taking the linear approximation of the trigonometric functions,
we can derive the following equation:

3EICq. = k(h)s, (33)
where
1
k(hy=1- Ty (34)
Sz
h= Rl (35
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Fig. 17. The relationship between & and h.

Defining the rotational compliance for an edged environment
with Cp., we have the following relationship for such an
environment [1}

3EICy, = $z. (36)
By dividing each side of (33) by (36), we can obtain
Cec -
o k(h). 37

Therefore, k(h) denotes the ratio of the rotational compli-
ance for a circular and an edged environments. For example,
k(h) = 0.99 means that the theoretical sensing error between
a circular and an edged environments is 1%. k(h) is a
function of h alone. Since h is composed of the contact
distance, the radius of the curvature of the environment,
and the pushing angle, the sensing error is also affected
by these physical parameters. But an important feature is
that the influence on the sensing error is the same if the
nondimensional parameter h is identical. Fig. 17 shows the
map of k(h) for various h. As h increases, k sharply increases
and asymptomatically approaches to unity for an infinite h.
Since an edged environment with a negligibly small R at the
point of contact is equivalent to an infinite h, the convergence
to unity for an infinite A in Fig. 17 is quite reasonable and
matches with our intuition. The nondimensional parameter
h given by (35) further suggests that either a contact with
extremely long distance from the base or a negligibly small
pushing angle also produces a similar effect on the sensing
accuracy. Among s., R, and 6,44, when the antenna makes
contact, both s, and R are automatically determined and not
controllable. The controllable parameter in A is 8,44 only. So,
we must keep 8,44 small so that we can make the sensing
error small.

Usually antenna should be in a long and slender shape and,
therefore, the compliance of the beam is very high. It means
that the sensor has to have very sensitive torque sensor to
measure the very small torque produced by the minute rotation.
Therefore, choosing a too small 8,44 is not desirable from the
viewpoint of obtaining a large reaction torque. When the base
part of antenna makes contact with an object, the torque sensor
can receive a sufficiently large reaction torque, even under a
small 6,44. The most problematic situation occurs when the tip
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' 1% Error 5% Error

Fig. 18. Objects’ shape whose sensing errors result in 1 and 5%, where
closed curve represent a solid object.

part of the antenna makes contact with the object. Because the
reaction torque becomes extremely small under the same 8,44,
Now, recall the nondimensional parameter A = s,/(Rf,44)
and an important feature that the influence on the sensing error
is sare if b is identical. This nature suggests a reasonable
procedure for determining the final pushing angle.

1) We choose a reference 4,45 that ensures a tolerable
error if the antenna makes contact with an object under
8y = 8z and R < Ry, where s,; and Ry are
the reference contact distance and the reference radius
of curvature, respectively, and 6,44 should be chosen
so that the torque sensor will receive a sufficiently
detectable reaction torque under s, = s,4. Then, a
sensing motion is started.

2) When the computed distance s, is not equal to
Szd> Oaddnew is determined such that s.4/0,44 =
8z/0addnew, Where this relationship corresponds to
keeping the sensing accuracy constant under the same
radius of curvature.

Note that 0,44ne,, increases when s, is larger than s,4,
which contributes to increasing the reaction torque. Since the
contact distance can be computed at every sampling time, the
suggested procedure can be executed in real time and, there-
fore, multiple pushing motions are not necessary in practical
application. Thus, there are two advantages for this procedure,
one is that the pushing angle 6,44 is adaptively chosen so
that the sensing accuracy can be identical irrespective of the
contact distance, and the other is that it greatly contributes
to increasing the reaction torque when the tip part of the
antenna makes contact with the object. However, apart from
this procedure, we would note that if we utilize a beam based
on the design orientation given in Appendix A, the compliance

8,44=7136[rad], R=0.012fm]
1.00 }
~~ 0.99 +
0.98 : : .
008 010 012 01 016 018 020 022
s, [m]
(@)
8, 44=n/36{rad], R=0.021fn]
1.00
= 099 | {
.58 ey
0.08 0.10 0.12 .14 0.16 0.18 0.20 0.22
8, [m]

; ®
Fig. 19. Experimental results for k.

is not as high as that of insect’s antenna. As a result, the torque
sensor can measure the reaction force even under a minute
rotation of the antenna base.

Fig. 18 visually illustrates objects’ shape whose sensing
error lead to 1 and 5%, where the pushing angle is fixed to
8adaq = 7/36 rad. Since the calibration test is done for an edged
environment, it is desirable that the rotational compliance is
insensitive to the curvature of the environment at the point of
contact. It can be seen from Fig. 18 that the influence of the
environment’s curvature on the sensing error is is suppressed,
unless the radius of curvature is extremely large and the contact
happens just close to the base.

Fig. 19 shows experimental results for two curved objects
[(@) R = 0.012 m and (b) R = 0.002 m], where the squares
denote the mean values for fifteen trials and the upper and
the lower bounds denote the standard deviation. The real
lines in Fig. 19 correspond to the theoretical ones in Fig. 17,
where £ is represented by the contact distance s,. Since the
vertical axis is partially enlarged, it should be noted that the
standard deviations appearing in Fig. 19 are not as large as
those coming from our visual image. It can be seen from
Fig. 19 that the experimental results exhibit less than unity but
very close to unity, which supports the analytical result. Also,
the qualitative tendency of the experimental results coincide
with the theoretical lines, while there are a bit quantitative
difference between them.

V. DISCUSSION

In this section, we consider to partly relax the assumptions -
given in groups A and B. Assumption A-1 claims that the
object is rigid, which might be a strong restriction. First of
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Fig. 20. The relationship between sensed compliance Cy and contact dis-
tance Sy.

all, we discuss how to cope with a compliant object. Since the
proposed method can detect the contact distance through the
rotational compliance of the antenna in contact with an object,
it can not be used as it is when the object is not rigid. Now,
suppose that the sensor system is implemented into a mobile
robot or the base can be moved by additional actuators. In
such a case, the antenna can touch the same object with two
different contact points. Let &, be the stiffness of the object.
The sensed compliance at the rotational center is given by,

.._ix_.i. 1
T 3EI s2k,’

where Cjy; denotes the sensed compliance when the antenna
makes contact with the object at the contact length s,. Equa-
tion (38) means that the sensed compliance is composed of
those from the antenna and the object, respectively. Fig. 20
shows the relationship between the sensed compliance Cy and
the contact distance s, where the parameter is the stiffness of
object. Now, let us assume that after obtaining Cp; at s, = s,
the mobile robot is moved by As and, once again, Cpy is
measured, where Cys denotes the sensed compliance when
the antenna makes contact with the object at the contact length
s — As. Substituting s, — As into (38) yields

Cor = Sy — As + 1
2= (52 — D)2k,

Co1 (38

3EI 9)

From (38) and (39), we can finally obtain

3(EICy, — EICs3 — As)s2 + 3As(2EICy; + As)s,
—3EICg:As® — As® = 0. (40)

Since (40) can be regarded as the second order equation with
respect to s, we can easily solve it as follows:
As(6EICy; + 3As ~ \/l_))

%21 = "8E1(Coz — C1) + 6As @D

As(6EICss + 3As + /D)
822 = - 42
GEI(Cez - 091) + 6As
Here D = 36(EI)2Cg1Coz + 12EI(Cyy — Cpz)As — 3As2.
While there are two solutions s; and s.», we can easily
prove that 0 < sy1 < As < 8;2. Since s, — As should be
positive, the solution s,; is not appropriate. Thus, we have
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always one solution s, matching with the condition s; — As
> 0. Once s, is determined, the stiffness k, is automatically
computed by using (38).

Now, let us consider the contact mode when the tip of the
antenna touches an object which will most probably occur in
ordinary sensing motion. Note that the rotational compliance
coming from the object decreases according to 1/s2 as shown
in (38), while the compliance from the antenna increases in
proportion to s,. This means that the rotational compliance
from the object gives the smallest effect on the measured
compliance when the tip of the antenna touches the object,
while the compliance from the antenna provides the largest
one. Such a behavior of the object’s stiffness can be also
observed in Fig. 20. If the object is rigid enough, the antenna
can easily recognize from the measured compliance whether
the tip of the antenna touches the object or not. Because the
measured compliance exhibits the largest value under such
a situation. Of course, in case that the object has similar
compliance compared with the equivalent compliance at the ‘
tip of the antenna, the antenna cannot classify whether the
tip makes contact with a rigid object or an inner point makes
contact with a compliant object.

VL CONCLUSION

In this paper we proposed a new active sensing system,
called active antenna, and demonstrated that under no lat-
eral slip, the contact distance is simply proportional to the
rotational compliance alone, if the environment’s curvature is
small and the environment’s stiffness is large. We considered
how to detect the lateral slip from available semsors, and
showed that this can be done by using the two-axis moment
sensor. We further showed that even under the 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 on the sensing plane II. We also showed that three
active motions were needed for detecting the contact distance
with the theoretical sensing error of less than 1%. We also
discussed the effect of environment’s curvature on the sensing
error and showed that its influence is kept within a few
percentages, unless the radius of curvature is large or the
contact occurs close to the base.

APPENDIX A
DESIGN ORIENTATION OF ANTENNA GEOMETRY

A slender antenna is not always in straight-line shape and it
will easily deform for an external force, such as gravitational
force. By applying classical beam theory, we can evaluate the
deformation of the antenna. As for the design of the sensing
system, we can determine the antenna length based on the
maximum deflection wpay at the tip of the antenna under the
gravitational force. For the antenna placed horizontally, we
expect the maximum deflection. Under such a situation, wmax
is given by

8pgL*
Ed*

Wmax =

43)
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Fig. 21. The relationship between the antenna length L and the maximum
deflection Wmax.

where g and p are the gravitational acceleration and the density

- per unit length of the antenna, respectively. Fig. 21 shows the
relationship between the antenna length L and wp,.x. Assume
the beam having the diameter of 0.8 mm. Fig. 21 tells us that
the antenna length L having less than 210 mm allows us to
SUPPIesS Wmax /L within 1%. Based on this consideration, we
finally determined the antenna length L and diameter d as
follows:

L =210mm
d =0.8mm.

Therefore, the deformation from straight-line shape is at most
1% under the gravitational field. Although this is not always
the case under a strong acceleration field, we believe that
this design provides a reasonable orientation. Because the
antenna’s motion during contact is planned slow enough to
ensure that a large inertia force is suppressed.

APPENDIX B
ESTIMATION OF THE LATERAL SLIP BASED SENSING ERROR

Let us discuss the relationship between the pushing direction
and the direction of the contact force. For a compound pushing
angle A4, the lateral slip s;,: can be given by .

Stat = 8y A0(cos A —sin A tan §) (44)
where A is the angle between object’s surface and pushing
direction and given by A = ¢—v+ —7 /2. From the geometrical
relationship, the effective displacement vector ArSt2 is given
by

sin A
cos B

The contact point in the antenna makes a slip in the direction
expressed by the ratio of the changing rate of the lateral slip
31q: and that of the longitudinal slip $;,n, which eventually
provides the following relationship [25]:

lArst2 || = s, A8 (45)

d d
tan y = m (&as)/m(slon)' (46)

180 210 240 270 300 330 350
Pushing direction @ fdeg}
Fig. 22. The relationship between & and ¢ (& = #/18, A8 = = /36).

Here, we assume that the changing rate of s, with respect
to A6 is given by the following equation:
d sin A
——— (8101) = ks, A ——
dA8 (s1ae) = ks cos f3
where k is a positive constant and determined by solving
the load-deformation equation of the beam. Actually, the
model given by (47) provides a very good approximation
with experimental data. Finally, considering the geometrical
relationship of tan # = tan « sin -y, we obtain

cos A —sin A tan ﬂ)} -0

(4‘7)

— i -1
ktanﬂ tan o sin [tan ( AG sm A/ cos B

48

Considering further geometrical relationships, A = ¢ — v+ —
7/2 and 8 = v* — ¢, we can obtain the following form from
(48): '

¥ =g1(p, A, T, a). 49)

As an example of the function g;(p, Af, v*, a), 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 w/18. We also assume the pushing angle of A8 = 7/36.
Fig. 22 shows the relationship between the pushing direction
@ and §, 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 here. The
important feature is that  is the simply increasing function
with respect to §. Also we would remark that é is very close
to 7, 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.
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