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Abstract— This paper discusses a new sensing scheme for

3D Active Antenna that can detect not only the contact -

location between an insensitive flexible beam and an object
but also the normal direction of the object’s surface where
the beam makes contact. The Active Antenna is simply
composed of an insensitive flexible beam, actuators to move
the beam, position sensors to measure the rotational angle of
the beam, and a moment sensor. In our former work [1], we
have shown that both the normal direction and the contact
distance can be obtained by more than three times pushing
motions. Through the mathematical formulation between
the pushing geometry and the contact force, we newly find
that both the normal direction and the contact distance can
be determined by just one time pushing motion, even though
a lateral slip between the beam and an object appears during
the pushing motion. We further verify the working priaciple
by experiments. )

Keywords— Active Antenna, Active Sensing, Contact Dis-
tance, Normal Direction, Tactile Sensing

I. INTRODUCTION

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 hitting with objects par-
ticularly 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 stay-
ing still. The antenna can be characterized by its flexibility
and active motions. Active motions might be useful for ex-
tending the sensing volume in 3D space, and the flexibility
of the antenna would contribute to reducing the impulsive
force appeared when the antenna contacts an object unex-
pectedly. By taking the flexibility and the active motion
into considerations, we have proposed a new sensing sys-
tem, Active Antenna [1], {2], [3], in which both flexibility
and active motions essentially contribute to localizing con-
tact point between the antenna and the object.

The Active Antenna is composed of an insensitive flexi-
ble beam, actuators to move the beam, position sensors to
~ measure the beam position, and a two (at most)-axis mo-
ment sensor to evaluate the contact force. The Active An-
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Fig. 1. Ihs;ct’s antennae.

tenna is & sensing system enabling vs to detect the contact
location through the measurement of the rotational com-
pliance of an insensitive flexible antenna in contact with an
object. While applying a pushing motion for a 3D Active
Antenna, a lateral slip may occur according to the direction
of pushing, the friction at the point of contact, and the nor-
mal surface of the object where the antenna makes contact.
Generally, such a lateral slip overestimates the rotational
compliance of the antenna which is in contact with the
object, and as a result, deteriorates the sensing accuracy
directly. Allowing a lateral slip, we have shown a sensing
algorithm {1] enabling us eventually to find the direction
that avoids any lateral slip based on the sensor informa-
tion collected during the active motions. Once the normal
direction is obtained, the contact distance can be obtained
by applying the same way used in 2D model. Because no
lateral slip is guaranteed under the pushing motion into
the normal direction. However, it requires more than three
times pushing motions for guaranteeing the sensing accu-
racy, and therefore, it is not desirable from the viewpoint
of quick sensing. . v
Through the mathematical formulation between the
pushing geometry and the contact force, we newly find that
both the normal direction and the contact distance can be
obtained by just one time pushing motion, even though a
lateral slip appears during the pushing motion. In this pa-
per, we first explain the basic behavior of contact force dur-
ing both phases of increase and decrease of pushing angle. .
Then, we formulate the relationship between the pushing
angle and the contact force projected on the sensing plane
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Fig. 2. The 2D Active Antenna.

where the direction of contact force can be detected by two-
axis moment sensors. Although the relationship includes
the normal direction of the object’s surface as an unknown
parameter, we show that the normal direction can be deter-
mined by the geometrical relationship obtained from each
of the increase and the decrease of pushing angle.

After reviewing conventional works in chapter II, we
briefly explain the basic working principle of 2D and 3D
Active Antenna in chapter III. The basic behavior of con-
tact force is precisely discussed in chapter IV. Then, the
one pushing motion sensing strategy is proposed in chap-
ter V. In chapter VI, we show a couple of experimental
results to verify the proposed sensing scheme. Finally, we
conclude our work in chapter VII.

II. CONVENTIONAL WORKS

There have been a number of works discussing insect’s
antennae-like sensor or whisker type sensor. For exam-
ple, 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 ex-
ternal 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 mo-
bile 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 sys-
tem is composed of an electrpde 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
111, so that it can monitor the separation between each
foot and the ground to allow deceleration of the foot be-

fore contact. Similarly shaped whsensingiskers have been

considered for legs of Ohio State University active suspen-
sion vehicle [9]. Russell has developed a sensor array [10]
by mounting whisker sensors on a mobile robot, and suc-
ceeded in reconstructhe shape of a convex object followed
by the whiskerWilson and Mahajan [11], Snyder and Wil-
son {12] have designed the whisker probe system composed
of a piano wire with strain gage sensors and the base sweep
actuators made of two polyurethane tubes that bend when
pressurized with air. Wilson and Chen [13] have reported
experimental results that demonstrate the precision and
accuracy of the whisker probe system in detecting andis-
playing solid boundaries enclosing areas up to 40 cm by 50
cm. These works also assume that the whisker tip always
makes contact with the object. The major difference be-
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Fig. 3. Basic structure of the 3D Active Antenna.

tween previous works [4]-[13] and ours is that the Active
Antenna can localize a contact point between the insensi-
tive oughantenna and the object, while previous works do
not. i

III. 2D anD 3D ACTIVE ANTENNA

A. Assumptions

Assumption 1: The object is rigid. ‘

Assumption 2: The object is stationary during active mo-
tions.

Assumption 3: The deformation of the beam is small
enough to ensure that we can apply linear approxi-
mation.

Assumption 4: The elongation of the beam due to a unit
axial force is negligibly small compared with the de-
flection due to a unit bending force.

~ Assumption 5: The beam has a uniform compliance in a

plane perpendicular to the longitudinal axis.
Assumption 6: The object has an extremely small curva-

ture along the axial direction of the beam and a large

curvature perpendicular to the axial direction.

_ Assumption 7: Dynamic effects are neglected.

Assumptions 1 and 2 mean that the measured moment is
caused only the pushing motion of the antenna. Assump-
tion 3 can be conveniently utilized for extracting a simple
result from a set of nonlinear equations. Assumption 4
implies that the antenna is extremely stiff in its axial di-
rection, while it is relatively much complaint in non-axial
direction. A uniform beam having a circular cross section,
such as a piano wire can satisfy assumption 5. For such
a beam, the direction of reaction force is exactly collinear
with that of the beam deflection, which can be conveniently
utilized for judging the occurrence of the lateral slip. With
assumption 6, we neglect the eflect of the object’s curvature
on the sensing accuracy for simplifying the discussion.
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Fig. 4. Basic behaviors of contact force during sensing motion.
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(a) Phase A : Pushing phase
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Fig. 5. Basic behaviors of contact force projected on sensing plane I1.

. B. .Working principle of 2D and 3D Active Antenna

Now, let us briefly explain the basic working principle of
2D and 3D Active Antenna. For the 2D Active Antenna [2]
as shown in Fig.2, it can detect the distance through the
measured compliance of the antenna in contact with an ob-
ject. Basic relationship between deformation of the beam
and contact force for 2D model is given by

Ar = -%c—{ss R 1
where Af and Ar denote the contact force of the beam
and the deformation length under a contact force. If there
is no object, the beam has the following displacement at
the point of the contact.

Ar = sAf, (2)

where the rotation angle A8 is sufﬁciently small to satisfy
assumption 3. Also there is the following relation

Am =3sAf, 3
where Am denotes the moment measured on the center of
rotation. From egs.(1), (2) and (3), we can get the contact
distance s expressed by eq.(4).

s =kCp ‘(4)

where Cy is the rotational compliance of the beam in con-
tact with an object and k is a constant concerned with the
stiffness of the beam. Since Cy = A8/Am, we can estimate

a contact distance by utilizing both moment and position
sensor outputs. For 2D model, we implicitly assume that
there is no lateral slip during a pushing motion. Once a
lateral slip occurs, 2D model no more works appropriately.
To cope with a lateral slip, we have designed and developed
the 3D Active Antenna. -

Figure 3 shows an overview of the 3D Active Antenna
and its coordinate system, where X, denotes the sensor
coordinate system. 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 an-
gular displacements ¢, and ¢, and a two-axis moment sen-
sor to detect moments around both z, and z, axes. Now,
let us define the sensing plane II, 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. Although we can not measure the con-
tact force directly, we can estimate the direction of contact
force projected on the sensing plane II by utilizing the out-
put from the two-axis moment sensor. From m, = sf, and
m, = $f,, we can obtain the direction of the contact force

% as
Y= tanhl(fz/fz) = tannl(m:c/mz) . (5)

Therefore, m, /m, shows the direction of contact force pro-
jected on the sensing plane II. For the 3D Active Antenna,
the pushing and the contact force directions are regarded
as input and output, respectively. For an arbitrary push-
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Fig. 6. An example of moment and direction of the force in sensing
motion.

ing, the beam makes slip not only the longitudinal direction
but also the lateral direction as shown in Fig.3. By using
the input-output relationship, the 3D Active Antenna can
finally reach the normal direction of the object’s surface
after a number of trials. Once the normal direction is de-
tected, the contact distance can be evaluated by applying
the same way taken in 2D model. These are the outline of
our former works. However, in our former approach [1} re-
quires many trials to find the normal direction, as a result,
it needs non-negligible sensing time.

IV. BasIiC BEHAVIOR OF CONTACT FORCE
A. Basic behavior of contact force in 8D space

During a pushing motion, the contact point always
makes slip on the object’s*surface where the beam makes
contact. Now, let us consider the basic behavior of contact
force during pushing and returning phases. We consider a
pushing and a returning motions as a set of sensing motion
in this work. We can roughly classify the behavior of the
contact force into three phases as shown in Fig.4.

Phase A: Pushing phase

Figure 4(a) shows the relationship between the push-
ing distance and the contact force during pushing phase,
where each black circle denotes the virtual point meaning
that the beam passes along the dotted line involving black
circles under the absence of object. Actually, however, the
beam is blocked by the object and can not move along the
dotted line. As a result, the beam deforms according to
the surface geometry of object. Each white circle denotes
the actual contact point between the beam and the ob-
ject. Note that the direction of the contact force is always
collinear with the line segment between the virtual and
the contact points. Because the actual displacement of the

Fig. 7. Notations on the sensing plane IT (Phase A).

beam is given by the distance between the white and the
black circles, and the contact force always appears in the
opposite direction of the displacement vector. Also note
that the magnitude of the contact force is proportional to
the pushing distance.

Phase B: Turning phase

When a pushing motion is over, each actuator is com-
manded so that the virtual point may move toward the
initial contact point. At a short time after switching, the
contact force changes its direction according to the virtual
point as shown in Fig.4(b). We call the particular phase
turning phase. Of course, the turning phase will disappear
ungder frictionless contact. Note that during this phase,
the lateral shift of the contact point is negligible, while the
longitudinal slip appears.

Phase C: Returning phase

After the turning phase, the contact force starts to lin-
early decrease according to the movement of the virtual
point as shown in Fig.4(c). We call this phase returning
phase. An important feature is that the magnitude of the
contact force is proportional to the pushing distance be-
tween the initial contact and each virtual points.

B. Basic behavior of contact force for sensing plane II

Figure 5 shows several physical parameters projected on
the sensing plane II, where v, ¥ and ¢ denote the normal
direction of the object’s surface, the direction of the con-
tact force, and the pushing direction with respect to Z,,
respectively. Note that 1 and ¢ are known, while v is un-
known. In either pushing or returning phase, the direction
of the contact force 1 does not change for the object hav-
ing a constant slope during the shift of the virtual point
while its magnitude proportionally varies according to the

" position of the virtual point.

Figure 6 shows a basic behavior of the output from the
two-axis moment sensor and the estimated direction of the
contact force during a sensing motion. As seen in Fig.6(a),
there are two lines with hysteresis characteristics, one is the
normal component for the pushing direction and the other
is the tangential component. From this moment informa-
tion, we can estimate the direction of the contact force
using eq.(5) as shown in Fig.6(b).
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Fig. 8. Experimental results for various pushing directions.

© V. ONE-PUSHING-MOTION SENSING SCHEME
For the 2D Active Antenna, we have the following rela-
tion from eqs.(2) and (3) ' '
_LlAar
T S2AfC
For the 3D Active Antenna, we have the similar relation-
ship given by

Ce (6)

1 lAre|l
e T araa i T
2 a7 @
where Ar,. and Af,. denote the effective deformation
vector and the contact force projected on the sensing

plane II. ||Af. .|| is given by [|Af || = ||Am|l/s where
Am2 + AmZ. The effective deformation vec-

Co

lam| =
tor cannot measure directly, but the relationship between
A7, || and ||Ary) can be formulated easily. Figure 7
"shows the vector relationship during a sensing motion in
phase A, where P;, P,, P, and P, denote the initial contact
point, the virtual point, the actual contact point and the
intersection between the perpendicular line from P, and
the object surface, respectively. The line segment P, P, is
common for two triangles PP, P, and P.P,FP,. Taking this
relationship into consideration, we can obtain the relation-

ship between ||Ar,| and ||Ar,|| in the following, using
parameters in Fig.7

HAres u COS,(V —9) = HA!‘W fecos(v — o). (8)
By using eq.(8), eq.(7) can be rewritten as follows V
_ 1 JjAryjcos(v—9) -
Co 9

— s?||Af |l cos(v —9)

Taking [|Ar.s]| = sAf into consideration, eq.(9) can be
further rewritten by

_ _éﬁ)_. cos(v — @)
70T fimll cos(v — %)’

Equation (10) bas two unknown variables Cp and v. It
is obvious from Fig.5(a) and (¢) that A8/|lm} and ¢ are
constant during both the pushing and the returning phases,
while 7 varie according to either the pushing or the return-
ing phase. Now let us choose one from each of pushing and
returning phase.

(10)

A6y cos(;/ - @)
lmall cos(v — ¥1)
Ay cos(v — @)
flmeal] cos(v — ¥2)

(11)

(12)

Coy =
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where the subscript “1” and “2” denote the pushing and
the returning phase, respectively. From egs.(11) and (12),
we can get the following equation,
Ady 1 _ A8, 1 (18)
sl cos(v = 1)~ limall cos(v = #2)

Since eq.(13) can be regarded as an equation for unknown
variable v, v can be detérmined by solving this equation.
K we can assume Af;/|jm;]| = Af,/llm,]| as a possible
case, then we can find the following solution

y=Prt¥s

- (14)

Equation (14) means that the normal direction of the ob-
ject is an arithmetic mean of two measured directions of
the contact force. Once v is determined by solving eq.(13),
Cs can be computed by utilizing either eq.(11) or eq.(12).
Therefore, the relationship between Cp and s becomes
known. These discussions prove that one set of the push-
ing and the returning motion is sufficient for determining
the contact distance as well as the normal direction of the
. object. :

VI. EXPERIMENTS

Figure 8 shows several experimental results for various
‘directions under the same contact distance, where (a-1),
(b-%) and {c-7) (¢ == 1,2,3) are the measured moment, the

estimated direction of the contact force, and the compli-
ance, respectively. When the pushing motion is applied for
the normal direction to the object, the z-axis output of the
moment sensor increases proportionally according to the
pushing angle, while the z-axis output keeps zero. When
the pushing motion is applied for the direction except the
normal one, both  and z-axis outputs appear with the hys-
teresis characteristics, which is caused by the friction at the
point of the contact. As shown in Fig.8(c-¢), the computed
compliance keeps almost constant except particularly small
pushing angle. Figure 9 and 10 show the estimated normal
direction of the object and the compliance with respect tc
the pushing angle, where the all experiments are executed
under the same contact distance. It can be seen from Fig.¢
that the estimation of the normal direction is fairly good.
It is observed from Fig.10 that every computed compli-
ance becomes almost same irrespective of the pushing di-
rection. These results support the validity of the proposed
one-pushing-motion sensing scheme.

VII. CONCLUSION

We proposed a new sensing scheme for the 3D Active
Antenna. The proposed scheme ensures to detect not only
the contact distance between an insensitive flexible beanr
and an object but also the normal direction of the object.
through one pushing motion only. The basic equations were
derived and the experimental results were also shown ¢

verify the idea proposed in the paper.

Finally, the authors would like to express their sin-
cere gratitude to Mr. Jiro Chiba, Harmonic Drive Systems
Co.Ltd. for his warm support of this work.
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