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Vision-Based Active Sensor Using a Flexible Beam
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Abstract~—This paper proposes a new vision-based active sensing
system, termed vision-based active antenna. This is compesed of a
camera, a flexible beam whose force-deformation characteristic is
known, and an actuator for rotating the beam. The camera observes
the beam deformation, including the contact information, while the
heam is in contact with an object. By solving a set of equations based
on the information acquired through the camera, the sensor can de-
tect the contact location, the contact force, and the stiffness of the
object, even though the contact pointis hidden by occlusion. For two
particular versions, we show some experimental results to verify the
basic idea.

Index Terms—Contact force, contact point, stiffenss sensing, tac-
tile sensor.

1. INTRODUCTION

HE human sense of touch provides us with an important

source of information about our surroundings. Because of
its unique position as the interface between our bodies and the
outside world, touch sensing supplies sensory data that help us
to manipulate and to recognize objects and be warned of harmiful
situations. Many creatures, including humans, make good use
of the tactile information they obtain through physical contact
with external objects. Tactile sensing is very direct. It is not dis-
torted by perspective, confused by external lighting, or greatly
affected by the material constitution or surface finish of objects.
We humans use tactile information to maintain the posture of our
bodies, to provide a warning of physical danger, and to monitor
walking and grasping. Tactile sensing has the potential to fill a
similar sensing role for robotics systems.

So far, a number of tactile sensors have been proposed
[1]-{11] and implemented in various robotic systems, es-
pecially grippers and multifingered robot hands. The use of
tactile sensors for either recognizing the shape of an object
[71-19] or detecting the local contact point between the sensor
and an object [10], [11] has been discussed in the literature.
Most previous works implicitly assume that the tactile sensor
is already placed close to the target object and ready to start
a sensing action. In general cases, however, a robot has to
begin by finding the target object itself, before starting any
tactile motion. Fig. 1(a) shows a sensing procedure for such a
case, where the mobile robot is equipped with a tactile sensor
only and no other external sensors. S; and S: denote the
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Fig. 1. Environment sensing by a tactile sensor and a vision sensor.

starting points for finding the target object and for obtaining
the tactile information, respectively. The sensing procedure is
classified into two phases, namely, the approach phase, where
the robot approaches the target object, and the detection phase,
where the robot detects the shape of an object by moving the
tactile sensor. As seen from Fig. 1(a), this sensing procedure,
especially in the approach phase, is particularly inefficient
since the robot has to repeat side-and-forward motions until it
reaches the target object. On the other hand, suppose that the
robot is equipped with a vision sensor, as shown in Fig. 1(b).
In such a case, the robot will be able to immediately recognize
the rough position of object. Once the robot knows roughly
an object’s position, it can quickly reach the starting position
So. The same situation will apply even if we replace a mobile
robot with a manipulator. Through these examples, we can see
that a sensor such as vision helps greatly in guiding the robot
to the target object since it can obtain global information of
environment. After such an approach phase, the tactile sensor
can take responsibility. Thus, visual assistance during the
approach phase is especially important when the robot obtains
the surface profile of an object through touch in an unstructured
environment. Based on this consideration, we assume that a
vision sensor is already implemented to assist tactile sensing.
In this paper, we will discuss a new vision-based active
sensor, where a vision system is used for the detection phase
as well as the approach phase. For the detection phase, the
vision observes the deformation of a flexible beam, as shown
in Fig. 1{c). When a flexible beam with a straight line is in
contact with an object, it is deformed according to how much
force is applied and where it makes contact. The beam keeps a
straight line after the contact point, while it is deformed into a
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Fig. 2. An overview of the vision-based active antenna.

curved line between the base and the contact point. This means
that the beam shape in contact with an object contains contact
information, such as contact point, contact force, and perhaps
local stiffness of an object.

With this information in mind, we will propose a new ac-
tive sensing system called vision-based active antenna (VBAA),
composed of one flexible beam, one actuator to rotate the beam,
one position sensor to measure the rotation angle of the beam,
and one charge-coupled device (CCD) camera to observe the
beam’s shape, as shown in Fig. 2. The actuator can be replaced
either by driving wheels in a mobile robot or by joint actua-
tors in a robot manipulator. Hereafter, we focus on the detection
phase only. An active motion is imparted to the beam while it
is in contact with the object. The camera continuously observes
the beam’s shape. By observing the shape distortion from its
original straight-line position, the sensor system can detect any
initial contact with the object. With a further active motion, the
beam deforms according to the pushing angle, the contact loca-
tion, and the object’s stiffness. The pushing angle after contact
can be regarded as input for the VBAA, and the beam’s shape
obtained through the CCD camera can be regarded as output.
From the input—output relationship, we obtain a set of equations,
which in turn include the contact information. By solving these
equations, the VBAA can detect the contact distance, the contact
force, and the object’s stiffness. It is interesting to note that the
VBAA can work even under occlusion where the contact point is
hidden. Our experiments show that the VBAA provides highly
accurate contact information, even under conditions where up
to 65% of the beam is hidden by occlusion.

This paper is organized as follows. We will begin by ex-
plaining the basic structure and assumptions of the VBAA in
Section IIL. In Section V, we will describe the basic working
principle of the VBAA. We will also show several experimental
results to verify the basic idea in Section VI. We will conclude
in Section VIII, after some discussions on application and accu-
racy in Section VIIL.

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 external object, the wire

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 6, NO. 1, MARCH 2001

bends. This can be sensed by a piezoelectric element or by a
simple switch [10]. A more elaborate sensor is described by
Wang and Will [11]. Long antenna-like whisker sensors were
mounted on the SRI mobile robot, Shakey [12], and on Brook’s
six-legged robot insects [13]. Hirose et al. discussed the uti-
lization of whisker sensors in legged robots [14]. 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 IIl, so that it
can monitor the separation between each foot and the ground to
allow for 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 the legs of The Ohio State University’s active
suspension vehicle [15]. Russell developed a sensor array [16]
by mounting whisker sensors on a mobile robot and succeeded
in reconstructing the shape of a convex object. In his work, it is
assumed that the whisker tip is always in contact with the ob-
ject, and that when any part of a whisker other than the tip comes
into contact with the object, it is assigned as a failure. Ueno et
al. [17] proposed the basic concept on dynamic contact sensing
by using a flexible beam, where it can estimate the contact loca-
tion through the natural frequency observed while the beam is in
contact with an object. The major difference between previous
works [10]-[17] and ours is that the VBAA can detect not only
a contact point between the antenna and the object but also the
object’s stiffness and contact force.

There are several works combining both tactile and visual
sensors to take advantage of each sensor. For example, Stans-
field presented a robotic perceptual system that utilizes passive
vision and active touch [18]. Allen proposed an object-recogni-
tion system that uses passive stereo vision and active exploratory
tactile sensing [19]. Vischer designed and developed a cooper-
ating robot with vision and tactile sensors [20]. Sakane et al.
presented an approach to estimate a contact point between a
grasped object and an environment by utilizing vision and force
sensors [21]. Nelson and Khosla utilized both force and vision
for improving manipulator impact response [22]. All of these
works utilized two different kinds of sensors to increase sensing
ability.

In these works, the tactile sensor is most often utilized for ob-
taining the shape of an object in a particular area where a vision
sensor does not provide any meaningful information due to fac-
tors such as occlusion, or insufficient illumination, whereas the
VBAA can provide contact information even without any tactile
sensor, and even under occlusion.

III. BASIC STRUCTURE AND ASSUMPTIONS

A. Basic Structure

Fig. 2 shows an overview of the VBAA, where »(@) and
%(©) are the antenna and the world coordinate systems, respec-
tively. This system has one motor to rotate a beam and one CCD
camera mounted on the joint. The CCD camera is not for ob-
serving the contact point directly but for obtaining the shape of
the deformed beam.

In practice, there are two choices for implementing a CCD
camera, namely, to mount it on the fixed coordinate system or on
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the moving coordinate system, as shown in Fig. 2. An advaniage
of mounting it on the fixed coordinate system is that we can re-
move the angular sensor for measuring the position of the beam,
since a CCD camera can detect the position of the beam by it-
self. However, the resolution for measuring the beam’s shape
will be lessened by the use of a lens with a wide enough viewing
angle to cover the whole working area of the beam. In the ap-
proach mounting a CCD on the coordinate system rotating with
the output shaft of the actuator, we can relatively increase the
resolution for measuring the beam’s shape, since we can focus
on the limited viewing area where the beam can be observed. In
order to obtain the basic characteristics such as accuracy, res-
olution, and sensitivity, we adopted the latter mode for imple-
menting the CCD camera in the VBAA system, even though it
needs a joint position sensor for determining the absolute posi-
tion of the beam.

B. Main Assumptions

Our main assumptions are as follows.

Assumption 1) The deformation of beam is small enough to
ensure that the beam’s behavior obeys the force-defor-
mation relationship based on linear theory.

Assumption 2) The object does not move during active mo-
tions.

Assumption 3) The elongation of beam due to unit axial
force is negligibly small compared with the deflection
due to a unit bending force.

Assumption4) The beam is connected to the actuator shaft
at the center of rotation.

Assumption 5) The cross section of the elastic beam is cir-
cular and the radius is constant along the longitudinal
axis.

Assumption 6) Point contact is maintained between the ob-
ject and the beam.

As the deformation of a beam increases, the relationship be-
tween the contact force and the deformation gradually moves
away from a linear one and shows nonlinear behavior. Assump-
tion 1) is for avoiding such nonlinear behavior between the two,
which is important if we are to ensure the uniqueness of so-
lution. Assumption 3) implies that the beam is very stiff in its
axial direction, while it is relatively compliant in nonaxial di-
rection. To simplify the discussions, we neglect the effect of
an adapter with Assumption 4). For practical application, how-
ever, the sensing system needs a proper adaptor for connecting
an actuator with the beam, and such an adaptor has high stiff-
ness when compared with the beam. With Assumption 5), we
can expect an equal compliance in the plane perpendicular to
the Tongitudinal axis. This means that both directions of contact
force and the deformation vectors are the same as each other.
Under Assumption 5), it is guaranteed that the deformed beam
lies on the plane where the contact force exists. Assumption 6)
is important for guaranteeing the uniqueness of solution when
obtaining the contact point from two measured points.

C. Importance of the Beam Elasticity

Now, suppose a rigid beam with scaling. For the contact point
detection, the CCD camera will be able to directly read the

scale in contact with the object, if a good working condition
is prepared for visual sensing. However, because of occlusion
or lighting problems, providing good conditions for a vision
system is not always easy, and the real contact point is often
hidden or unreadable in an ambiguous scene. When the beam
makes contact with a compliant object, it is particularly diffi-
cult to find an exact contact point since it sinks into the surface.
Furthermore, a rigid beam produces an impulsive force when it
collides with an object at speed. Thus, the VBAA using a rigid
beam does not seem to work successfully in a practical environ-
ment. Let us now assume that the beam is elastic and that its
force-deformation behavior is known in advance. When such a
beam makes contact with an object, it deforms according to the
contact point, the pushing angle, and the object’s stiffness. The
beam deforms between the base and the contact point, while
the remaining part of the beam remains in a straight line. By
utilizing this information, the VBAA can evaluate the contact
point. Later, we will show that two arbitrary points on the beam
are both necessary and sufficient for determining the beam’s
unique shape, if the deformation plane is given. In other words,
if the sensor system can measure two points on the beam, the
unique contact point is obtained. This is the great advantage in
utilizing a flexible beam, since the sensor system can provide
the contact point without requiring any information concerning
the exact contact point.

IV. GEOMETRICAL EXPRESSIONS
A. Relationship Between Antenna and World Coordinates

Let p(®) be the vector pointing to a position on the antenna.
The transformation from the antenna to the world coordinate
system is given by

p® =pi” + Rip(® M
T
p® = ($<a>,y<a>:z<a>) @)
T
¢ = (267,98, 2) 3)
cos¢p —sing 0O
R, = |sing cos¢p O )]
0 0 1

where pg"}, ¢ and RS denote the position vector between the
origins of two coordinate systems and the angle for the motor
and the rotational matrix from £(*) to (%), respectively. Here-
after, we focus on the position sensing on the antenna coordinate
system.

B. Relationship Between Deformation Plane and Observing
Point

We define the deformation plane D and the calibration plane
C as shown in Fig. 3, where 1 denotes the inclination angle
of the deformation plane with respect to the calibration plane.
For our simplicity, the calibration plane C is so chosen that it
may coincide with the z(*)y(*) plane in the antenna coordinate
system X(*), The calibration of the CCD camera is done on
by using a network line whose scale is known. Therefore, the
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Fig. 3. A point projected on the calibration plane C.

camera can detect points over the beam projected on C through
the vision system. Now, suppose that a cubic object is placed
perpendicular to the plane where the beam is rotating. For such
an object, the contact point on the object does not change after
a pushing motion. This means that the whole beam still lies on
the calibration plane C even after deformation. Now, suppose
we have an object as shown in Fig. 2. For such an object, the
beam will move up along the edge during the increase of rotating
angle of the motor. In other words, the beam no longer exists
on the calibration plane C but lies on the particular plane under
Assumption 5). This is what we call the deformation plane D.
We assign the deformation coordinate system X(?) for D, where
D corresponds to the z(¥y(D plane in 2{¥) = 0. We note that
the force-deformation relationship exists on D, while the CCD
camera can detect points on the beam projected on C.

Apoint (z(?, (D 0) in the deformation coordinate system is
transformed into the antenna coordinate system by the following
relationship:

(@) 2(d)
y(a) = y(d) costp | . (5)
2@ y(d) sin

Suppose that a point (z(*),y(® 2(®)) on the antenna is
transformed by (xg,':) yﬁ,‘f),o) on C. Under such a condition,
AP P pia) and AP(G)P’ (a) P(2) pecome similar to each

other, as shown in Fig. 3. This similarity relationship is given

by
(a) _  (a) 2(a) ( (a) _ (a) )
T — T Zin
a =3 a a (6)
(yfn) - y(“)) 2@\ Y — y( )
Replacing (5) with (6), we obtain the following relationship:
7(:) (xﬁfi) - :vga)) sin ¢
@ = g — @
2 cosp + (yﬁfl’) - yﬁ“)) sin
(@) (a)
(@) — Zy " Ym
Yy . &
25 cosp + ( (@ _ y,(,a)) sin )
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Deformation plane D

Fig. 4. Definition of the deformation plane.

C. Deformation of Antenna on C

We first note that the antenna under a contact force deforms
in D, as shown in Fig. 4. The antenna shape is given by the
following equations on D:

Curved part (0 < 24 < a:gd) < L)

S = (J:;; (3L<d> (d)) {%(at)}2 ©)
Linear part (0 < xgd) <z < L) .
0= G (e o) 0} o
where
1 = \/{fé“)}2 +{r) an

and a:(d) L, E, and I denote the contact point, the total length
of the antenna, Young’s modulus of elasticity, and the second
moment of area, respectively. Although (11) does not include
the fa(ga) component, it should be small under a simple pushing
motion to an object by a flexible beam. By considering this, we
assume f(9 ~ ||f(2)]|. In summary, (7) and (9)—(10) are a set
of basic equations providing the contact information.

V. SOLUTIONS OF BASIC EQUATIONS
A. Y Is Known

There are two cases where 1 is known. When a knife-edged
object is placed perpendicular to the calibration plane C, the de-
formation plane D coincides with C. This holds ¥ = 0. The
other case is expected for the beam whose elasticity is not uni-
form but limited in a particular direction. A flat scale such as
that made by plastic is a good example of this kind of beam,
which Assumption 5) excludes. For such a beam, the deforma-
tion plane D never changes, irrespective of the direction of con-
tact force. Therefore, ¢ is determined uniquely.

When 1) is known, we can easily compute ({9, y@) from
the measured point (xm s U a)) by utlhzlng (7) and (8). Let
us assume that we get two points (azg d)) and (a:éd), yzd))
through a visual sensor.
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1} Two Points from the Curved Part: From (9), we can ob-
tain the following two equations:

A0 =L (et ) ) a2
yéd) g;; (3:1:(d) (d)) {xgd)}z (13)

where :c ) should satisfy the condition of 0 < a:(d) < .E(d) <
Ed) < L. From (12) and (13), we can easily derive the unigue
set of solutions in 0 < :I:Ed) < m(d} < :z;gd) as follows:

() Y

f@ =6EBI p) p)

T COT (0 )
oY)
N\ =

15)

Cos({ ) )

Note that l(d) - (d) # 0,{z (d)}z <d) {ﬁ(d)}2y§d) #
0 xgd) #0, :z:(d} # 0 under 0 < :z:]( ) < 2.

2) Two Pomts from the Linear Part. In tlns case, we can ob-
tain the following two equations:

O =L () )
A =g (o -0) ) o

where x( ) should satisfy the condition of 0 < xgd) < mgd)
;d) < L. From (16) and (17), we can introduce the unique set

of solutions in 0 < z{% < :ngd) < xéd’) as follows:

3
- B (yid) _ yéd}) s
o (o =) (PP~
o3 =) "
e’ = yéd) _ ygd)
Note that a:éd)—»:c(ld) #0, yéd)—ygd) #0 mgd) yéd) (d)ygd) #

O under 0 < xid) < 3:(‘1) < m(d)
3) One from Each af the Curved and Linear Parts: Without
loss of generality, we can assume § < x(d) < x(d) < w(d} and
) # x(d) In this case, (9) and (10) exist for each point. From
these equations, we obtain

s (19) =l (<)’ 599 10}’
+3 {wgd)}2 y;d)xﬁd) - {xgd)}?’ yéd)

= 0. 20y

Equation (20) is the cubic equation with respect to gr( ). From
(20), we can easily show (21) and (22) under 0 < x(d) < y(d) <
(fi). (d) # x(d) and 0 < f(d)

i _aa(s9) ==

—r—00

2D

1

lim
xf:d) e O

get (#2) = +oo. 22)

Now, let us examme the sign of gu(z; )) and g, l(m )
gc,(a:1 )) and gcl(a:2 ) can be rearranged in the following
forms:

Get ( (d))

f( ) @ _
6ET (“

N (xf:‘i} -

+ 229 (J}(Zd) - :cgd))}
f@

TSEI "”gd)}Q (xgd) - xg‘”)

X {mgd) (Zréd) + mﬂd)) (Igd) - x&d))

+ Zx((:d)mgd) <.’E§d) - :cgd) )
+2 {xéd)}z (mgd) - :r:%d))} .

Under the condition of 0 < ’c(d) < $<d) < :z:(d <d) #* w(d)
and 0 < f(9, we can show gd(xl )) > 0 and gcl(mé )) <0,
Conditions (21), (22), gvl(st:1 ) >0, and g, ;(:c(z } < 0 ensure
that we always have one solution between xgd) and a::(zd), while
there are three solutions over the whole range.

Thus, the uniqueness of solution is guaranteed for Sec-
tion V-Al through V-A3 under Assumption 6). Now, a
question that comes up is how the proposed system can
determine whether the point is in the curved part or the
linear part of the beam. For two poinis detected, we compute
three candidates for the contact point by using the formula
{Section V-Al through V-A3). Then, we examine whether
each candidate can satrsfy each constraint condition, such as
0 < x(d) < a:(d) < x¢ (Y The former discussions ensure that
if one candldate sausﬁes its constraint condition, two others
cannot. This is the basic way for computing the contact point.
Of course, since visual data include some noise, we may have
more than one solution satisfying the constraint condition.
Such undesirable data will bring an error when computing the
contact point. By taking an appropriate averaging process, we
can suppress its influence on the computation of contact point.
We call this version 2D-VBAA, where the beam deforms on a
given plane. Now, note that there is a failure mode where the
uniqueness of solution is not guaranteed. For example, consider
the case where the beam makes contact with the object whose
surface is almost parallel to it, as shown in Fig. 5(a). For a small
pushing angle, line contact will happen instead of point contact,
as shown in Fig. 5(b). This is what we call a failure mode in
the sense that the discussions given in Section V-Al through
V-A3 can no longer be applied. In this paper, we exclude such
failure modes by Assumption 5).

A7) ) {57 )
xgd) ) + xﬁd) (xgi) - :Egd) )

(23)

el ( (d)) =

(24

B. ¢ Is Unknown

Let (:z:( ) (d)) (i = 1,2,3) be the measured points. For
(=9, ylds) and (25, 9/ )), we have the relationship given by
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(15), and the same way for (:rg ), yld)) and (xgd), Y3 )) There-
fore, we can obtain

[oF o - {2}
) ut? {8}t
{xgd)r us? - {xg@}?’ yO
= {i’«‘gd)}? yéd) _ {xéd)}zyid) . 25)

We can regard that (25) is the nonlinear equation with respect
to 4, although it does not include 9 explicitly. For obtaining
numerically, we define gsp(v) as follows:

{$<d>}3 o {$<d)}3 §d>

{ (d)} (d) { (d)} o

g3p(¥) =

[0} 40— 0]y
_ T 26)

For example, gsp{) is given in Fig. 6, where gap (¢} = 0 pro-
vides the solution of . Once v is given, both azgd) and f(9 are
automatically obtained. From Fig. 6, we can see the uniqueness
of solution by means of numerical analysis, while we cannot
prove it in a mathematical way. We call this version 3D-VBAA,
where 1) is not given in advance.

C. An Extreme Case

While a general mathematical framework of 3D-VBAA is
given in Section V-B, it is generally hard to solve the set of non-
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Fig. 7. (a) 2D-VBAA and (b) 3D-VBAA with a moment sensor.

linear equations, and a unique solution for contact information
is guaranteed. To cope with this, we discuss a specific version
of 3D-VBAA, where both a vision and a moment sensor are in-
corporated in the system, as shown in Fig. 7(a).

The vision sensor is placed so that the visual axis may be per-
pendicular to the calibration plane and the distance between the
plane and the sensor may be long enough. Under such a sensor
arrangement, we can consider that the deformation plane coin-
cides with the calibration plane. Since we can remove % from
the unknown parameters, the problem finally results in two di-
mension. From the discussion of 2D-VBAA, we can obtain both
the component of contact position (z(*), 4(®)) and the com-
ponent of contact force fya The z(*) directional force com-
ponent can be evaluated by the moment sensor output. Since

my = xﬁa)fza)

(@)
7t (a) @n

By utilizing fy (@) and fz(“), we can estimate the beam displace-
ment at the contact point as follows:

(a) ~ a){ (a)}

~ 3ET (28)
- { }
(@ —
%’ T T3ET 29

where y( ) and 2{* denote the beam displacements after it
makes contact with the object. By estimating y{* and z{%, we
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can obtain the current contact point, which may differ from the
initial one.

VI. EXPERIMENTAL VERIFICATION

We used the experimental setup shown in Fig. 7. The image
data are fed into the computer through a CCD camera with 512
% 512 dots and § bits grayscale. For easily distinguishing the
beam from the object, we use a white stainless beam with a di-
ameter of 0.8 mm and a length of 240 mm. The deflections in
the experiments are changed from approximately 5% (12 mm)
up to 20% (48 mm) of the beam length. Therefore, the experi-
ments partly include the results where Assumption 1) (linearity)
is not always ensured. We believe that one of the big advantages
of VBAA is that we can paint the beam so that it may be easily
distinguished from the object. In order to suppress the frictional
effect, we use an extremely slippery object.

A. 2D-VBAA

Fig. 7(a) shows an overview of the experimental system
where we move the object instead of rotating both the camera
and the moment sensor. In this experiment, the output from the
moment sensor is not utilized. Now, recall that the contact point
for the 2D-VBAA can be obtained by observing two arbitrary
points on the beam. However, if we compute the contact point
by using two points only, it may include a large error due to
the digitizing error. In order to suppress such an error, we take
an averaging process for the computed contact points by using
more than 500 data. Fig. 8 shows the experimental results,
where (a) and (b) show the estimated contact distance and
the contact force, respectively, and A# denotes the pushing
angle after making contact. The real lines and circles show the
theoretical analysis and the experimental data, respectively. The
agreement between analysis and experiments is fairly good.

The accuracy of the VBAA strongly depends on the thickness
of the beam, the viewing area, and the resolution of the captured
picture. Through experiments, it is found that the best accuracy
is obtained when the camera captured the tip of the beam. This is
probably because the tip of the beam shifts more than the base
part. Under the best case, we succeed in detecting the contact
point with the accuracy of £2%.

B. 3D-VBAA with a Moment Sensor

Fig. 7(b) shows an overview of the experimental system,
where a knife-edge-like object is used. Fig. 9(a) and (b) show
experimental results, where (a) and (b) are the estimated
contact distance and the direction of the estimated contact
force respectively, and v denotes the normal direction of the
object surface. For this experiment, three objects with differing
normal direction are used. As shown in Fig. 9(a), the estimation
of contact distance can be executed with pretty high accuracy,
even though the contact points do not exist on C. It can be seen
from Fig. 9(b) that the estimated direction of contact force
almost coincides with that of the normal direction of an object’s
surface. This is because the frictional effect is reduced as much
as possible in the experiment.

13

0.24
E 02 4
8
g 0.16
é 0.12
7 0.08
0.04
004 008 012 016 02 024
Distance {m]
@)
025 \\ : :
L-40=15 [deg]
3 0.2 \ /Aoeu[deg}
m \\ A8 =9 [deg]
5 0.15 AB =6 |deg]
L
PR
g oos \&v\\<\
0 i
004 008 012 016 02 024
Distance {m]
)

Fig. 8. Experimental results for 2D-VBAA.

0.2
— 02 | ¢ V=0l
E 7 [ ov= 30 (dg
2 018 M - s [deg]
-
0.14
3
§ 0.12
0.1
0.08 i
008 01 012 014 016 018 02 02
Distance fm}]
(a)
= 90 .
g sl oY 0 [deg]
g o v = 30 [deg]
2 60 [ av=45 [deg)
| !
45
8 Iy
B 30 ] & T OO T — I TR e
g -
.r?t ‘ 0 b ¢ d
008 01 012 014 016 018 02 022
Distance [m]

@
Fig. 9. Experimental results for 3D-VBAA,

C. Stiffness Sensing

Since the VBAA can estimate both the contact distance and
the contact force continuously, it can evaluate the object’s stiff-
ness as well. If the object is very stiff, the contact point on the
object does not move with respect to the absolute coordinate
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Fig. 10. Stiffness sensing by the VBAA.

system. This can be judged by examining the following condi-
tion:

w® = w{® — y{@ (30)

where wgd) is the estimated shift of the contact pomt with re-
spect to the absolute coordinate system and w ( )~ 2P A0 s
the virtual shift of the contact point on the beam assuming that
there is no object where A# is the pushing angle, as shown in
Fig. 10. For ws ;é 0, the object is judged to be compliant,
while for usd) 0, it has an extremely high stiffness. Now,
suppose £(@ and z{? are the estimated contact force and con-
tact distance, respectively. For ws ;é 0, we can evaluate the
stiffness by

R f(d) f(d)

T @ o @

(3hH

Note that the stiffness sensing does not make any influence on
the contact point sensing and the contact force sensing, and it is
independently evaluated after £(2) and 7% are estimated.

Fig. 11 shows the experimental results for a compliant object,
where (a)-(c) are the estimated contact distance, the estimated
contact force, and the estimated stiffness, respectively. While
most compliant objects include a highly nonlinear relation-
ship between contact force and displacement, we utilize a
tiny spring-based force measure so that we can keep a linear
relationship between them. Fig. 11(b) tells us that we need
an appropriate pushing angle (A8 > 5 {deg]), so that we can
clearly estimate the contact force from the visual data. For the
remaining data, except for A8 = 3 [deg], we should note that
the estimated contact forces exist away from the lines expected
by the analysis when a contact happens close to the base, while
they are close to each other as the distance increases. There are
a couple of reasons to explain such results. The first remark is
that the equivalent stiffness of the beam drastically decreases
with the increase of contact distance. This means that the total
stiffness produced by both the beam and the object converges to
that of the beam when a contact happens close to the beam, while
it almost coincides with the object’s stiffness when a contact
occurs especially close to the base. The nice correlation between
experimental data and analysis in the distance of approximately
more than z. = 0.14 [m] can be explained by reasoning that
the stiffness model of the flexible beam is quite accurate. On the
other hand, the part close to the base is mainly dominated by the
object’s stiffness, since the beam stiffness relatively increases at
a point close to the base. When we utilize a spring-based force
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Fig. 11. Experimental results for a compliant obiect.
measure in a horizontal plane, there appears a direct contact
between the spring part and the side cylinder. The friction caused
by such a direct contact may bring a shift in the object’s stiffness
from the exact one according to each test. This means that the
analytical line itself close to the base includes some ambiguity,
since it is hard to input the exact object’s stiffness under the use in
horizontal plane. As shown in Fig. 11(c), the stiffness estimation
is also not good when the contact happens particularly close
to the base. The stiffness computation given in (31) requires
(d) (d) yé ). When a contact happens at a point close
to the base, 'wg becsmes extremely small. Therefore, since Is:
is computed by (9 / w , even a small error of wg ) leads toa
large sensing error in the evaluation of the object’s stiffness.

D. Influence of Occlusion

‘When using vision, we have to be very careful with both oc-
clusion and lighting problems. The problem concerning occlu-
ston will often appear when the object is compliant and the beam
sinks into it during a pushing motion. Since the CCD camera
takes a scene from the top view, the exact contact point on the
beam and its neighborhood will often be hidden. The VBAA
can overcome such an undesirable situation since it does not
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need the exact contact point. Two arbitrary points on the beam
can theoretically determine the full shape of the beam for a
2D-VBAA and, as a result, provide the contact force as well as
the contact point. The contact force is estimated by utilizing the
force-deformation relationship, while the contact point is eval-
uated from the geometrical relationship alone.

In order to evaluate the effect of occlusion, we purposely omit
the measured data, as shown in Fig. 12, where Axj denotes
the z, directional distance in which the data on the beam are
removed. Fig. 13 shows various results when all data are not
available, where the horizontal axis denotes the availability ratio
AR, which is given by
_L- Aa:%d)
- L

where L is the 2(9) component of the beam tip. Since the defor-
mation in the y{?) direction is extremely small compared with the
beam length, L is almost equal to the beam length in the straight
line. Note that theoretically, the 2D-VBAA can compute the con-
tact length and the contact force if two arbitrary points are given.
Because of this fact, even when more than 65% of data are re-
moved, sufficiently high sensing accuracy is maintained in every
case. Another interesting tendency is that we can keep the accu-
racy relatively high when utilizing the data with the inclusion of
the tip of the beam. This is because one pixel difference leads to
alarge error on the curve estimation for the contact point close to
the base, while it does not for the contact point close to the tip.

AR (32)

VII. DISCUSSIONS

One application for the VBAA might be to utilize it as a force
sensor in micro systems. Manipulation of biological cells may
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be a good example. Now, suppose that we measure the contact
force between the cell and a micro manipulator. An object to be
treated is extremely tiny, and therefore it is hard to implement
any strain gauge into the system. Fig. 14 shows an example of
such a manipulation system where a human can manipulate the
object through the microscope and simultaneously the system
can provide him or her with the manipulation force through ei-
ther monitor or haptic sensation. Thus, the VBAA can be uti-
lized as a kind of force observation system.

As for contact position, a vision sensor-based approach is
generally lower in accuracy than a force sensor-based approach.
This is because the force sensor has infinite resolution in prin-
ciple, while the vision sensor is restricted by the number of
pixels of CCD. Roughly speaking, the proposed VBAA has
an accuracy of 2% in maximum, while the conventional force
sensor-based approach maintains less than 1%.

Now, let us consider the way to increase the sensing accuracy.
The image data are taken through a CCD camera and digitized
into 512 x 512 dots. The computation of contact point depends
on how the system chooses the representative point on the beam.
We pick up the most likely point by taking an area-weighted av-
eraging manner, as shown in Fig. 15. This approach is, of course,
influenced by the lighting conditions. Therefore, the center of
the beam may be determined more accurately by appropriately
projecting an artificial light.

VIL. CONCLUSION

In this paper, we proposed a new sensing system vision-based
active antenna that can detect the contact force, contact position,
and stiffness of an object between a flexible beam and an ob-
ject through the deformed flexible beam’s shape. We introduce
the basic equations for solving the contact point and the contact
force. Even when the exact contact point is hidden by occlusion,
the VBAA can still provide both the contact point and the cop-
tact force if two arbitrary points on the beam are observed for
a 2D-VBAA or three points for a 3D-VBAA. While the vision



system generally requires much computing power for analyzing
the images, this system does not. This is because it observes only
the shape of a flexible beam. We also showed some experimental
results to verify this idea.
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