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INTELLI 2016

Foreword

The Fifth International Conference on Intelligent Systems and Applications (INTELLI
2016), held between November 13-17, 2016 - Barcelona, Spain, was an inaugural event on
advances towards fundamental, as well as practical and experimental aspects of intelligent and
applications.

The information surrounding us is not only overwhelming but also subject to limitations
of systems and applications, including specialized devices. The diversity of systems and the
spectrum of situations make it almost impossible for an end-user to handle the complexity of
the challenges. Embedding intelligence in systems and applications seems to be a reasonable
way to move some complex tasks form user duty. However, this approach requires
fundamental changes in designing the systems and applications, in designing their interfaces
and requires using specific cognitive and collaborative mechanisms. Intelligence became a key
paradigm and its specific use takes various forms according to the technology or the domain a
system or an application belongs to.

We take here the opportunity to warmly thank all the members of the INTELLI 2016
Technical Program Committee, as well as the numerous reviewers. The creation of such a high
quality conference program would not have been possible without their involvement. We also
kindly thank all the authors who dedicated much of their time and efforts to contribute to
INTELLI 2016. We truly believe that, thanks to all these efforts, the final conference program
consisted of top quality contributions.

Also, this event could not have been a reality without the support of many individuals,
organizations, and sponsors. We are grateful to the members of the INTELLI 2016 organizing
committee for their help in handling the logistics and for their work to make this professional
meeting a success.

We hope that INTELLI 2016 was a successful international forum for the exchange of
ideas and results between academia and industry and for the promotion of progress in the field
of intelligent systems and applications.

We are convinced that the participants found the event useful and communications very
open. We also hope the attendees enjoyed the charm of Barcelona, Spain.
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Intelligent MagLev Slider System by Feedback of Gap Sensors
to Suppress 5-DOF Vibration

Yi-Ming Kao, Nan-Chyuan Tsai*, Hsin-Lin Chiu
Department of Mechanical Engineering,
National Cheng Kung University
Tainan City 70101, Taiwan (ROC)
email: *nortren@mail.ncku.edu.tw

Abstract—This paper is focused at position deviation
regulation upon a slider by Fuzzy Sliding Mode Control
(FSMC). Five Degrees Of Freedom (DOFs) of position
deviation are required to be regulated except for the direction
(i.e., X-axis) in which the slider moves forward and backward.
At first, the system dynamic model of slider, including load
uncertainty and load position uncertainty, is established.
Intensive computer simulations are undertaken to verify the
validity of proposed control strategy. Finally, a prototype of
realistic slider position deviation regulation system is
successfully built up.  According to the experiments by
cooperation of pneumatic and magnetic control, the actual
linear position deviations of slider can be regulated within (-40,
+40)um and angular position deviations within (-2, +2)mini-
degrees. From the viewpoint of energy consumption, the
applied currents to 8 sets of MAs are all below 1A. To sum up,
the closed-loop levitation system by cooperation of pneumatic
and magnetic control is capable to account for load uncertainty
and uncertainty of the standing position of load to be carried.

Keywords- Position Deviation Regulation; Fuzzy Sliding
Mode Control (FSMC); Magnetic Levitation (MagLev).

l. INTRODUCTION

In recent years, a few types of active non-contact slider
systems were proposed. An air-driven slider was presented
by Denkena et al. [1]. Based on their study, the compressed
air not only can levitate the slider but also can drive the
slider back and forth. Unlike pneumatic actuators, a 5-DOF
(5 Degrees of Freedom) active magnetic levitation slider was
reported by Kim et al. [2]. However, the applied currents to
the magnetic actuators are up to 10A to counterbalance the
weight of the slider.

In comparison to the air-driven actuator, in general the

required force by magnetic actuator is relatively much larger.

Hence, the bending phenomenon on thinner portion of slider
would become easier to occur if the applied magnetic force
exceeds over a certain level. Not only the heat dissipation
problem has to be considered but also the electronic circuit
of power amplifier is more complicated than the other low-
power actuators. Among the available research reports
regarding active levitation sliders, the most acceptable
design by industries was proposed by Ro et al. [3]. In their
work, four magnetic actuators are allocated at the corners of
the slider to account for external disturbance. The weight of
the slider and load is supported by the force component by
air actuator. Additionally, a linear motor, to drive the slider
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back and forth, is equipped at the middle of the guide rail.
Nevertheless, there exists a common disadvantage: both
uncertainties of load to be carried and the standing position
of load during the loading/unloading process onto the slider
are not counted into consideration of the corresponding
control stratagy at all.

For high-precision machines and production, it often
needs a slider system, which can account for load uncertainty
and suppress undesired vibration effectively. However, no
matter contact-type slider or aerostatic slider is employed,
the slider systems are lack of the capability against load
uncertainty and multi-degree-of-freedom vibration during the
transportation of carried load. Therefore, an active robust
slider levitation system is proposed by this paper to deal with
the induced position deviation of the slider due to load
uncertainty and load position uncertainty.

The rest of this article is organized as follows. In Section
2, the dynamic model of slider levitation system is developed.
In Section 3, the fuzzy sliding mode control law is proposed.
In Section 4, the experiments to examine the capability of the
maglev slider to account for load uncertainty and uncertainty
of the standing position are undertaken. Finally, conclusions
are presented in Section 5.

Il.  DYNAMIC MODEL OF SLIDER LEVITATION SYSTEM

The mechanical structure of the proposed slider
levitation system by cooperation of pneumatic and magnetic
control is schematically shown in Fig. 1. In Fig. 1, “S” is
the mass center of the slider. “S” is also the origin of the
coordinate system. ¢, ¢ and y are angular position

deviations along X-axis, Y-axis and Z-axis respectively. y
and z are the linear position deviations along Y-axis and Z-
axis respectively. Eight sets of Magnetic Actuators (MAS)
and an Electro-Pneumatic Transducer (EPT) are employed
together to regulate both angular and linear position
deviations of the slider. The four sets of magnetic actuators,
Vertical Magnetic Actuators (VMAS), along with the EPT,
are employed to together regulate the angular position
deviations along X- and Y-axes and the linear position
deviation along Z-axis. Another four sets of magnetic
actuators, i.e., Horizontal Magnetic Actuators (HMAS), are
employed to regulate the angular position deviation along Z-
axis and position deviation along Y-axis. Three Vertical
Gap Sensors (VGSs) are equipped to measure the linear
position deviation along Z-axis. Besides, the angular
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position deviations along X-axis and Y-axis can be
estimated by the linear position deviations measured by
these 3 VGSs at the same time. On the other hand, two
Horizontal Gap Sensors (HGSs) are equipped to measure
the linear position deviation along Y-axis. It is noted that
the angular position deviation along Z-axis can be evaluated
by the linear position deviations measured by the aforesaid

HGSs.
(a) Holderof VGS73  VMA=4

= 4 ]
VMAZL Holderof VGS#2 1\

#
. [

(b) Lamnated Silicon
Steel Strips

Guide Rail

Figure 1. Schematic diagram of proposed levitation slider: (a) Slider, (b)
Guide Rail.

The dynamic equations in terms of force/moment at
equilibrium of the slider dynamics can be described as
follows:

(m+Am)j— oty F (1a)

u

(m+Am)'z'—&,uA(gi+gi)z'= FM—F,+Amg (1b)

| r

(1, +Amd Y- Al 1, §+gﬁ)¢=w“+mgdx (19

| r

! |
. “rdr | Vrdr |
(1 y+Amdy2)9—AspA(J.°g+'l‘°)¢9= M ™ +Amgd, (1d)
I r
lyy
.[0 I’dl‘l/}=M MA (]_e)

u

(I z +Amd22)y7—A“uA

where m is the mass of the slider, and Am the mass of load.

I, I, and I, are the moments of inertia of the slider along

X-axis, Y-axis and Z-axis respectively. d,, dy and d are

the distances between the centroid of load and X-axis, Y-
axis and Z-axis respectively. A and A are the area of the

upper surface and side surface of guide rail respetively.
is viscosity coefficient of air. |_ is the distance between the
inner-side wall of slider and X-axis, l,, the distance between
Y-axis and the front/tail of slider. ¢ , g, and g, are the air
gaps between the slider and guide rail on the upper side, left
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side and right side of guide rail respectively. Ty and Ty

are the shear stresses induced by the air on the inner wall of
slider as the slider rotates along X-axis. In similar fashion,

7, and 7, are the shear stresses induced by the air on the
inner wall of slider as the slider rotates along Y-axis. By
same arguments, 7, is the shear stress induced by the air
on the inner wall of slider as the slider rotates along Z-axis.

As long as the velocity component along +Z-axis of slider is
present, two types of shear stresses, ie., r, and ¢ are

generated. Likewise, the shear stress T, emerges as long as

the velocity component along +Y-axis of slider is not zero.
My, M) and M) are the moments induced by

magnetic actuators along X-axis, Y-axis and Z-axis
respectively. FyMA, FM and F, are the resultant force by

HMAs, the resultant force by VMAs and the applied force
by EPT respectively.

Ill.  Fuzzy SLIDING MODE CONTROL

For a slider, in general the mass of carried load and the
standing location of the load are not fixed all the time. This
implies that a certain degree of uncertainties is embedded in
the dynamic model of the slider system. Therefore, the
basic concept of Sliding Mode Control (SMC) [4]-[6] is
adopted by our work. Moreover, fuzzy logic [7]-[11] is
additionally applied to adjust slope of the corresponding
sliding surface, based on the real-time trajectory tracking
error and error rate, such that superior system response can
be achieved. That is, FSMC (Fuzzy Sliding Mode Control)
is proposed to replace the standard SMC by this research.

A. Design of Controller

Before FSMC is synthesized, the dynamic equations of
the slider system, i.e., (1), are deduced into another form to
aim at uncertainties of load and load position:

G=f+u )
where
a=ly z ¢ 0 yT (3a)
A unY
(m+Am)g,
App2 (1 1, Amg (3b)
m+Am'g, g, mM+Am
N
f= As/uA sX ¢2 i_'_i)_'_ Amgdx 5
l,.+Amd,” "9, ¢, I, +Amd,
Isv
Hal rdr . Amgd
Iy+Amdy g, 9 Iy+Amdy
Isz
Au/uAJ.O rdr

| (1, +amd D)g,”
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MA
FM_F, MM My M,
m+Am | +Amd,’ | +Amd,® 1,+Amd,’

[ FyMA
u=

m+Am
Since the mass of load and the standing location of load are

not fixed all the time, d,, d,, d, and Am are all

variables in this system. For the uncertain system dynamics,
its nominal model, f, is defined as follows:

]T (3¢)

A.JﬂAy

mel @
M(—+—)z‘

m 9 9

fO_ &/IIAISX (i+i)¢

X r

ISY
7] rdr .
w(i_,_i)g
I 9 9
ISZ
AM’AIO rdr v
1.9,

Consequently, the system uncertainty, f — f_, is assumed to
be bounded by a functional, W *"°:

|[f—fo|<w e ®)
The sliding functional, S, can be defined as follows:

S=/e+é=4(q,-9)+(q,-q) (6)

where € represents the vector of differences between the
actual state and the desired state, q the actual state vector,
g, the vector of desired state trajectory, 4 the slope of
phase plot of the state tracking error and its error rate. In
order to ensure the system remains on the sliding surface,
the sliding condition, i.e., S=0, has to be imposed. Based
on the sliding condition [4]-[6] and (2), the equivalent
control component can be obtained:

Ug, =—fo+0, + 18 (7

On the other hand, to satisfy the reaching condition, i.e.,

$S<0, the switching control component can be designed as
follows:

U, =—K*™-Sgn(S) (®)

where K*™ is a positive definite matrix and “ Sgn

represents the symbol operator. Explicitly, K™ and Sgn

are defined as follows:
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KSmC=diag(KlSmC KZSmC KSSmC ijc KSSmC) (ga)

1 if $S>0 (9b)
Sgn(S)=< 0 if S=0
-1 if S<0

where the parameters K™ ~K:™ are named as reaching
factors. They can dominate the reaching speed of the
deviated state, off the sliding surface, approaching towards
the sliding surface. Finally, the composite control input by
SMC policy, U, is added up as follows:

U=U, +Ug, (10)

As usual, the Lyapunov direct method is employed to
examine the stability for the proposed control policy. The
Lyapunov candidate is defined as follows:

V=%STS>O, where VS#0 (11)

The derivative of Lyapunov candidate can be obtained as
follows:

V=(f = f,)S—K™™[S|<(W ™ -K*™)[S|=-7[S| (12)
To satisfy (12), K°™ can be chosen as follows:
K smc =W smc +T] (13)

By substituting (13) into (8), the composite control, U, can
be described as follows:

u =ueq_l.vvsmc+77]sgn(s) (14)

By adding FLA (Fuzzy Logic Algorithm) to adjust the slope
of the sliding surface is the main concept to adopt FSMC,
instead of standard SMC alone. The schematic
configuration of the closed-loop slider system is shown in
Fig. 2. The transformation matrix ¢ is utilized to convert
the measurements from the 5 sets of gap sensors into the
form of changes of state variables. The slope of the sliding
surface, 4, i=y, z, ¢, @ or y , is adaptively altered by
the real-time fuzzy algorithm based on state tracking error
and rate of state tracking error. The transformation matrix
B is employed to convert the controller outputs into the

required control current/voltage with respect to the
corresponding actuators.
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[ Disturbance |
| Ref. 1+ e Fuzzy F.(lgic |+ MagLev }_:
[(=0) \—E—lA' orithm + Slider

II’IZ‘:'P:-"‘.\‘:()‘ LI‘ JX’ Vt'!'f'

U | Transformation

Matrix p

Sliding Mode
Controller (SMC)

’
Matrix e

Figure 2. Schematic configuration of closed-loop slider system under
FSMC.

The interested rules of FLA are summarized and listed in
Table 1. g, € and c, are the state tracking error, rate of the
state tracking error and the output of FLA respectively.
Seven fuzzy sets with triangle membership functions (NB,
NM, NS, ZE, PS, PM, PB) are set for ¢;, € and c,. The

subscript, i, denotes y, z, ¢, @ or w. u(e,), u(e) and
u(c,) are the corresponding membership functions of €,

€ and C;. Finally, by using the method based on Center

Average Defuzzification (CAD)[12], the corresponding
output of FSMC, y , can be obtained by the

crisp
defuzzification interface. The crisp control command can
be evaluated as follows:

Ugrisy = [ g (C; )1+ ptpyy (€ )-(2/3)+ s (€ )-(L/3)+ s (€ ) (=1/3) (15)
+ i (€3 ) (=213)+ payg (C; )-(-1)] /Lt (€ I 2w (€ )+ 2265 (Ci )
F a7 (C; 1+ pys (€ )+ 2y (€ )+ 2235 (€)1

TABLE I.

NN E R

NBHBNﬂNﬂ

RULE BASE FOR FLA

Negative Big
Negative Medium
Negative Small
Zero

Positive Small
Positive Medium
Positive Big

B. Computer Simulations

At the stage of computer simulations, two cases are to
be studied:

Caes I: Load (1kg) added onto slider

Case Il: Load (1kg) subtracted out of slider

1) Load added onto slider (Case I)
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An additional load of 1 kg, is put onto the slider at the
position, (X, y,z)=(5¢cm,5cm,0) at Time=2s, for Case I.
However, the mass center of the slider is at (X, y)=(0,0).

Since the load is not put onto the position of mass center of
the slider, the angular position deviations are hence induced.
The corresponding computer simulations are shown in Fig.
3(a). It is observed that an outstanding linear position
deviation along +Z-axis occurs at Time=2s. Besides, most
often the load is not exactly thrown at the position of mass
center of the slider, the angular position deviations along X-
axis and Y-axis are hence induced as the load is added onto
the slider. In similar fashion, the applied currents to
VMA#1~VMA#4 are all increased to account for the
angular position deviations along X-axis and Y-axis.

4 |(um) o-lwy
L ,‘lu:“"ui '-y-”'lm.- ..‘.,“.“I
LR L
al  Position Deviation of Slider along Z-axis o

0 1 2 3 4 5 0 1 2 1
40 (pdearee)

1
-2

20 (udegree)

) r'-n',r“,mw-. “\"‘.". ‘u.n\ " 0*\‘"'\'“‘\4'10 v V

-t VA AR 40 PosmonDE\lalmanShderalongRallAngle
| " Position Deviation of Slider 1long Roll r\l'l_l'.h‘ W

S D TR R T et T R T A T
20 {udcﬂrec) 1 (pdegree)

'.:“,'-"_,""I‘ 20 ; PosmonDeuanouorSlnderalonzPltchAugle

0 .‘“u"“ ‘J L ‘\”\‘u‘l\“w\l “.'ﬁ.‘\.wlu\”“ It HI”W‘H'M
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0 2 3 1 5
6 '\ ) (V)
Applied Voltage to EPT

WHUM\ MHH I H N M e
k i HH il HlHl
1
| App 1ed (‘urrem to VMAs
2 [--e--VMAKL EEEY FL{
1 _/I “R il i f\pplled(umn!lc VMAs
\'MA-: b Lonf§ ]
0 = U LRI Py A »l 3t Bl
08 12 L& 2 24 28 32 $ 32

Tlme.(sec.)

(a) (b)

Time (sec.)

Figure 3. Position deviations regulation on slider: (a) load added onto
slider at position (x, y, z)=(5cm,5cm, 0), (b) load subtracted at

position (x, y, z)=(5cm,5cm, 0)-

2) Load subtracted out of slider (Case II)

A carried load, with weight quantity 1kg, is subtracted
out of the slider at position (x,y,z)=(5¢cm,5cm,0) at
Time=2s, for Case Il. The corresponding computer
simulations are shown in Fig. 3(b). Accordingly, an
outstanding linear position deviation along —Z-axis is
induced at the same time. In addition, the currents applied
at VMA#1~VMA#4 are all reduced but still have to
cooperate with EPT. On the other hand, since the load
subtracted is hardly located exactly at the position of mass
center of the slider, the corresponding currents applied at
VMA#1~VMA#4, to suppress the angular position
deviations along X-axis and Y-axis, are usually necessary.

IV. EXPERIMENTAL VERIFICATION

The photograph of proposed MagLev slider system by
cooperation of pneumatic and magnetic actuators is shown
in Fig. 4. A set of pneumatic cylinder and air pump is
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equipped to generate the power to move the slider forwards
and backwards along X-axis. The schematic diagram of the
experimental setup is shown in Fig. 5. Two categories of
experiments are to be undertaken, namely, PART | and
PART Il. For PART I, an additional load, with weight 1kg,
is added onto the slider at (x,y,z)=(5cm,5cm,0) at

Time=0.1s . The aforesaid additional load is later-on
substracted out of the slider for PART I1.

/2N
S HMA (x4)

(aj Top "iew of Slider

(b) Bottom View of Slider (¢) MagLev Slider System

Figure 4. Photograph of MagLev slider system

Y‘Z-}X

.
Power Amplifier

‘ompressed Air

LA
(Compressed Air

Figure 5. Schematic diagram of experimental setup

A. PART I: Additional Load Added

An additional load, with weight 1kg, is put onto the
slider at position (x, y, z)=(5cm,5cm,0) at Time=0.1s. Itis
noted that the mass center of the slider on the horizontal
plane is at (x, y)=(0,0). Obviously, the standing location of

the added load does not coincide with the mass center of the
slider so that outstanding angular position deviations due to
this applied moment by load weight are hence induced. The
experimental results for position deviation regulation on
slider in 5 DOF are shown in Fig. 6. The maximum linear
position deviations along Z-axis and Y-axis induced by the
additional load are 80um and 130pm respectively. The
linear position deviations along Z-axis and Y-axis can be
suppressed to & 20um and = 40um respectively within
0.1sec.  In addition, the maximum angular position
deviations along X-axis, Y-axis and Z-axis are

45x107 degree, —3x107° degree and 5x107° degree
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respectively. The angular position deviations along X-axis,
Y-axis and Z-axis can be all regulated within
+2x10* degree in 0.1sec. It is concluded that both of the
linear position deviations and angular position deviations
can be completely suppressed within a very short time
interval (about 0.1sec). On the other hand, the applied
currents to the magnetic actuators, shown in Fig. 7, are
jointly adjusted accordingly so that the induced tilt about X-
axis and the induced pitch about Y-axis can be suppressed.
Since most of the weight of the slider and load is supported
by the supportive force by the high pressurized air, the
applied currents to VMAs are not increased much to
counterbalance the weight of the additional load newly put
on. It is observed that the average applied currents to
VMAs are all below 0.2A. The applied currents to VMAS
in the undertaken experiments are much lower than that in
computer simulations stated in previous section. The reason
might be stemmed from the actual viscosity and friction in
vertical direction being more serious in real world but
neglected in computer simulations under over-simplified
assumptions for interconnection between any two
components in motion.
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= 80 | o
£ ot NPT L1 S—
z of W‘w"] i} awl,l i Yt
280, 0l 02 03
= ini-d
:' 4 (mini-degree) along Roll Angle
=]
z 0 Jn.%
s 4 . . . .
'E : 0 0.1 02 03
’g " |(mini-degree) along Pitch Angle
= 0
= WW
£ a4
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Figure 6. Position deviations regulation on slider by experiments (Part I)
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Figure 7. Applied currents at MAs by experiments (Part 1)



INTELLI 2016 : The Fifth International Conference on Intelligent Systems and Applications (includes InManEnt 2016)

B. Part Il: Partial Load Subtracted

A partial load, with weight 1kg, is subtracted out of the
slider at position (x,y,z)=(5cm,5cm,0) at Time=0.05s .
The experimental results for position deviations regulation
on slider in 5 DOF are shown in Fig. 8. The position
deviations along 5-axes can be completely suppressed
within a very short time interval (about 0.15sec). In similar
fashion, the applied currents to the magnetic actuators,
shown in Fig. 9, are jointly adjusted as well to regulate the
induced tilt and pitch motions. Since partial load is taken
off the slider, the average applied currents to VMAS become
only half of those in Part I. Besides, the maximum applied
currents to HMAs are all below 0.5A. Nevertheless, the
currents applied to VMAs and HMAs are still required and
absolutely necessary in order to counterbalance the external
disturbance, particularly for the transient time period as the
partial load suddenly removed, no matter how significantly
the quantities of consumed electricity at magnetic actuators
are reduced.
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Figure 8. Position deviations regulation on slider by experiments (Part 11).
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Figure 9. Applied currents at MAs by experiments (Part 11)
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V. CONCLUSION

An active robust MagLev slider system is proposed to
deal with the induced position deviations of the slider due to
load uncertainties and load position uncertainties. By
cooperation of pneumatic and magnetic actuators, efficient
regulations of the position deviations of slider in 5 DOF can
be achieved. According to the experiments undertaken, the
actual linear position deviations of slider can be regulated
within & 40um and angular position deviations within
= 2mini-degrees. Besides, the applied currents to the 8 sets
of MAs are all below 1A. The closed-loop slider levitation
system is fairly capable to account for load uncertainties and
load position uncertainties. To sum up, by the cooperation
of pneumatic and magnetic actuators, the proposed closed-
loop slider system exhibits the merits of stabilization to the
inherently unstable system, capability for simultaneous
position regulation in 5 DOF and outstanding reduction of
energy consumption.
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Abstract—Recent research topics in bionics focus on the analysis
and synthesis of animal spatial perception of their environment
by means of their tactile sensory organs: vibrissae and their
follicles. Using the vibrissae, these mammals (e.g., rats) are able
to determine an obstacle shape using only a few contacts of the
vibrissa with the object. The investigations lead to the task of
creating models and a stringent exploitation of these models in
form of analytical and numerical calculations to achieve a better
understanding of this sense. The sensing lever element vibrissa
for the stimulus transmission is frequently modeled as an Euler-
Bernoulli bending rod. We assume that the rod is one-sided
clamped and interacts with a rigid obstacle in the plane. But,
most of the literature is limited to the research on cylindrical and
straight, or tapered and straight rods. The (natural) combination
of a cylindrical and pre-curved shape is rarely analyzed. The aim
is to determine the obstacles contour by one quasi-static sweep
along the obstacle and to figure out the dependence on the pre-
curvature of the rod. To do this, we proceed in several steps:
At first, we have to determine the support reactions during a
sweep. These support reactions are equate with the observables
an animal solely relies on and have to be measured by a technical
device. Then, the object shape has to be reconstructed in using
only these generated observables. The consideration of the pre-
curvature makes the analytical treatment a bit harder and results
in numerical solutions of the process. But, the analysis of the
problem results in an extension of a former decision criterion for
the reconstruction by the radius of pre-curvature. Is is possible
to determine a formula for the contact point of the rod with the
profile, which is new in literature in context of pre-curvature.

Keywords—Vibrissa; Sensing; Object scanning; Contour recon-
struction; Pre-curved beam.

I. INTRODUCTION

In recent years, the development of vibrissae-inspired
tactile sensors gain center stage in the focus of research,
especially in the field of (autonomous) robotics, see e.g., [1] —
[5]. These tactile sensors complement to and/or replace senses
like vision, because they provide reliable information (object
distance, contour and surface texture) in a dark and noisy
environment (e.g., seals detect freshet and turbulence of fish
in muddy water [6] [7] [8]), and are cheaper in fabrication.

Most mammals exhibit such vibrissae, in a variety of types
and located in various areas of the skin/fur. Vibrissae differ
from typical body hairs: they are thicker, longer, embedded
in an own visco-elastic support (the so-called “follicle-sinus
complex” (FSC)), see also [9] for some illustrations. Moreover,
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they feature a pre-curvature, a conical shape, cylindrical cross-
section and are made of different material with hollow parts
(like a multi-layer system) [10] [11] [12]. The vibrissa mainly
serves as a force transmission (due to an obstacle contact) to
its support. Hence, movement and deformation of the vibrissa
can only be detected by mechanoreceptors in the FSC [1]
[13]. It is hypothesized, that changing the blood-pressure in the
FSC allows the animal to adjust the stiffness of the tissue to
control the movement of the vibrissa [10] [12]. Furthermore,
the surrounding tissue (fibrous band) and muscles (intrinsic
and extrinsic musculature) enable the animal to actively move
the vibrissa (active mode for surface texture detection) or to
passively return the vibrissa to a rest position after deflection
(due to a obstacle contact in passive mode) [14]. The pre-
curvature is due to a kind of protection role: purely axial forces
are prevented and, including the conical shape, the area of the
tip of the vibrissa is limp. This results in a tangential contact
to an object [10] [15].

In this paper, the investigations focus the influence of
the pre-curvature to the static bending behavior of a vibrissa
in context of obstacle contour detection and reconstruction.
We describe a quasi-static scanning process of obstacles: 1.
analytical/numerical generation the observables in the support
which an animal solely relies on, 2. reconstruction of the
scanned profile contour using only these observables, and 3.
verification of the working principle by means of experiments.
These steps were done in [5], [16] and [17] for cylindrical
vibrissae. Therefore, we extend these results to pre-curved
vibrissae in this paper.

The paper is arranged as follows: In Section II, a short
overview of the related literature is given. Based on these
information, Section III deals with aspects of setting up a
mechanical model for the object sensing and presenting the
describing equations. These equations are exemplarily solved
in Section IV — considering only a constant pre-curvature
radius of the bending rod. The results governed by numerical
simulations are verified by experiments in Section V. Sec-
tion VI concludes the paper.

II. SOME STATE OF ART OF PRE-CURVED VIBRISSAE

From the biological point of view, there are a lot of
works focussing on the determination of vibrissae parameters.
Towal et al. [12] pointed out an important fact that the
mostly vibrissae are curved in a plane. The deviation of the
vibrissa from this plane (referred to the length) is less than
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0.1%. In [12], [15] and [18] — [22], a vibrissa is described
using a polynomial approximation of 2nd-, 3rd- and 5th-order,
which is rather low. In contrast to this references, we present
numerical results using one of order 10. In [15], it is stated
that approximately 90% of rat vibrissae exhibit a pre-curvature
ko € (0.0065/mm,0.074/mm), and in [20] that extremely
curved vibrissa provide xo > 0.25/mm. The authors of [11],
[15], [20] publish the following dimensionless parameters

L To

7~ 30, 7~ 90,
whereas L is the length, d is the base diameter, and rg is the
pre-curvature radius of the vibrissa.

From the technical point of view, pre-curved vibrissae are
rarely used in applications. In [15], [21], [22], experimental
and theoretical investigations concerning the distance detection
to a pole are presented, using a pre-curved artificial vibrissa,
also incorporating the conical shape. The pros and cons of
a positive (curvature forward, CF) and negative (CB) curved
vibrissae are stated in [15] whereas the vibrissa is used for
tactile sensing of a pole. The CF-scanning results in low
axial forces, but higher sheer ones; CB the inverse results.
Summarized, the pre-curvature influences mainly the support
forces instead of the support moment.

III. MODELING

This section shall serve as an introduction to the profile
scanning procedure.

Beam Deflection Formula: The deflection of a largely
deformed beam with pre-curvature is described in using the
so-called Winkler-Bach-Theory. A detailed derivation of the
equations can be found in [23] and [24]. Furthermore, the
authors in [24] pointed out, that — assuming, that the radius of
pre-curvature is much greater than the dimensions of the cross-
section — the influence of the normal force can be neglected.
Hence, the describing equations can be simplified to

dp(s) _ 1 n Mbs(s)’ 0
ds ro(s) EI

with second moment of area

I, ::/ n2dA,

A

and Young’s modulus FE, cross-section A, bending moment
My, and radius of pre-curvature rg.

Scanning Procedure: Here, we describe the scanning pro-
cedure of strictly convex profile contours using pre-curved
technical vibrissae in a plane. This is done in two steps:

1.  Because of analytical interest, we firstly generate the
observables (support reactions) during the scanning
process. Since our intension is from bionics, we sim-
ply model the support as a clamping (being aware that
this does not match the reality). Hence, the support
rgactiogs are the clamping forces and moment M4,
Fpy, Fay, which an animal solely relies on.

2. Then, we use these observables in an algorithm to
reconstruct the profile contour.

Fig. 1 sketches the scanning process of a plane, strictly profile.
For this scanning process, several assumptions are made:
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Figure 1. Scanning procedure using an artificial vibrissa; adapted from [5].

e  The technical vibrissa is moved from right to the left
(negative z-direction), i.e., the base point is moved.

e  The problem is handled quasi-statically, i.e., the vib-
rissa is moved incrementally (and presented in changes
of the boundary conditions). Then, the elastically
deformed vibrissa is determined.

e Since we do not want to deal with friction at the
beginning, we assume an ideal contact, i.e., the contact
force is perpendicular to the contact point tangent of
the profile.

The scanned profile is given by a function g : z — g(x),
where ¢ € C*(R;R). Since the graph of g is convex by
assumption, the graph can be parameterized by means of the
slope angle « in the xy-plane. Then we have, [5]:

y =

Therefore, each point of the profile contour is given by
(£(a),n(a)), a € (=%,%). For generality, we introduce
dimensionless variables, starting with the arc length s with
s = Ls*, s* €[0,1]. Then, all lengths are measured in L, all
moments in EI,L~!, and all forces in EI, L2, whereby we

omit the asterisk “x” for brevity from now on.
Boundary-value Problem in Step 1: The system of differ-

ential equations (ODEs) describing the deformed pre-curved,
technical vibrissa in a plane in dimensionless quantities is:

d%(ss) = cos(¢(s))
d%(s) = sin(p(s))
df) 1 2
o(s) '
ds — ror(s) * f((y(s) —n(@)) sin(e)
+(z(s) = n(a)) Cos(a))

Observing Figs. 1 and 2 gives the hint to distinguish two phases
of contact between the vibrissa and the obstacle:

e  Phase A — tip contact: We have still ODE-system (2)
with the boundary conditions (BCs)

™
z(1) = &), y(1) =mn(a)
e  Phase B — tangential contact: Only the BCs change:
™
y(0) =0, (0)= 9 )
z(s1) = &), yls1) =n(e), ¢(s1) =«
8
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Figure 2. Contact of vibrissa and obstacle in Phase A (left) and in Phase B
(right) during scanning process.

A direct inspection of the occurring problems (2) & (3) and (2)
& (4) yield the choice of a shooting method to determine the
parameters f and s1, and finally with f the clamping reactions
MAz’ FA:Ea FAy-

Initial-value Problem in Step 2: Here, we use only the
generated observables (measured in experiments) M Az ﬁAm,
F_"Ay and known base of the vibrissa xy to reconstruct the
scanned profile. Due to [2], we determine the bending moment,
see Fig. 3, to formulate the initial-value problem (IVP) in this
step:

B costils)
W) sinfi(s)
dfl(;) = TOLl(S) — Ma. — Fazy(s) + Fay (z(s) - 550)(5)
with initial conditions (ICs)
2(0)=w0, y(0) =0, ©0)=3 ©)

y —
Oas My,
S
VS mAz
— ) |
FAX ) X(s) X
Fay

Figure 3. Applying method of sections to the vibrissa.

— to determine the contact point (x(s1),y(s1)) (note, that s;
is known in step 1, but is not an observable). But, it is still
unknown in which phase we are. We only have

sz(sl) =0
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In accordance to [5], we determine a decision criterion to
distinguish both phase. The vibrissa is in Phase B, iff it holds:

QMAZ

ToL

M3, + —2F4, =0 (7

In comparison to the condition in [5], we get one new term
2%%. And, in a limiting case for ro;, — 00, condition (7)
forms the condition in [5], which serves as a validation.

IV. PROFILE SCANNING USING A CONSTANT
PRE-CURVATURE RADIUS

Here, we present numerical simulations of the described
profile scanning algorithm (based of two steps). At first, we fo-
cus on a constant pre-curvature radius 7oz, 7 ror(s). Referring
to [5], we consider a profile described by g; : = +— %x2 +0.3.
Exemplarily, two scanning processes are presented in Figs. 4
and 5. Note, that the vibrissae in Phase B are only plotted
to the contact point, just for clarity. One can clearly see, that
the smaller the pre-curvature radius is no Phase A occurs, i.e.,
no tip contact, which might explain the protective role of the
pre-curvature of vibrissae.

Figure 4. Profile scanning using a pre-curved vibrissa with ro;, = —1000:
in blue Phase A, in red Phase B.

1k
0.8F
> 0.6
0.4f
———
[
ol— [/ IAaiil .
-15 -1 -0.5 0 0.5 1
X
Figure 5. Profile scanning using a pre-curved vibrissa with ror, = —0.5: in

red Phase B, no Phase A.

Figs. 6, 7 and 8 show the observables during a scanning
process in dependence on the pre-curvature radius. The transi-
tion between both phases is marked with a “+”. It becomes
clear: the smaller the pre-curvature radius the smaller the
bending behavior of the vibrissa, the smaller the observables,
but the smaller the scanning area. Therefore, a small pre-
curvature radius results in poor scanning results. The error of
the reconstruction between the given and reconstructed profile
is defined for single points according to [5]:

error = \/(mk(slk) — f(ak))2 + (yk(51k> - U(ak))2 , (8

whereby (£(ag),n(ay)) represent a point of the given pro-
file and (zx(s1k),yx(s1k)) is the corresponding one of the
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Figure 7. Clamping force F'y, for varying pre-curvature radius rof,.

reconstructed profile. Figs. 9 and 10 exemplarily present the
reconstruction errors of two reconstruction simulations. The
magnitude of the error is from 10~7 to 107,

V. EXPERIMENTS IN SCANNING WITH VARIABLE
PRE-CURVATURE RADIUS

To verify the algorithms, we present numerical investiga-
tions of scanning vibrissae with variable pre-curvature and ex-
perimental results, using a parabola profile g; (x) = 22%+40.55.
Three different technical vibrissae with different pre-curvature
are used in an experiment. Fig. 11 shows that the first vibrissae
is straight, the second and the third one have a variable pre-
curvature radius. With the help of a computer-aided evaluation
of the graphic representation of the vibrissae in Fig. 11, their

2
2l i
=
15} % i
1t R 1
I/ N\
05t/ N 1
off N 1
‘
08 i i i i i
s -1 -05 0 05 1 15

Figure 8. Clamping moment M 4, for varying pre-curvature radius rqr,.
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Figure 9. Error of given and reconstructed profile for ro;, = —0.5.
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Figure 10. Error of given and reconstructed profile for ror, = —1000.

pre-curvature radius 7oy, (s) is determined in dependence of the
arc length s as polynomials of order 10. This is rather new in
literature, because a lot of works from literature restrict to a
representation of the pre-curvature only to s2-terms.

The simulated scanning processes are shown in Figs. 12
and 13 for vibrissa 1 and 3. Figs. 14, 15 and 16 show
exemplarily the observables (simulation vs. experiment) of
the experiment using vibrissa 3. An easy inspection confirms
prior results, that the maximal values of M 4., Fa, and Fy,
decrease the bigger the pre-curvature and the smaller the pre-
curvature radius are. These figures show a good coincidence
of the simulated and measured curves of the observables.

p-neusw|i-N} MMM

Figure 11. Three different pre-curved vibrissae for the experiment.

10
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Figure 12. Scanning process using vibrissa 1 — in blue Phase A; in red
Phase B.
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Figure 13. Scanning process using vibrissa 3 — in blue Phase A; in red
Phase B.
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Figure 14. Experiment using vibrissa 3: clamping force F'4, of a simulation
and the experiment.
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Figure 15. Experiment using vibrissa 3: clamping force F4, of a simulation
and the experiment.
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Figure 16. Experiment using vibrissa 3: clamping moment M 4, of a
simulation and the experiment.
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Figure 17. Experiment using vibrissa 3: reconstruction error of a simulation
and the experiment.

Fig. 17 presents the reconstruction of the profile. Compared
to further simulations, we point out that the smaller the pre-
curvature radius is the smaller is the reconstruction error.

Summarizing, we show that it is promising to use pre-
curved vibrissae for object contour scanning and reconstruc-
tion. The simulated and measured curves of the observables
show up a good coincidence. The presented algorithms work
effectively.

VI. CONCLUSION

Due to the functionality of animals vibrissae, the goal was
to set up a model for an object scanning and shape reconstruc-
tion algorithm. For this, the only available information are the
observables (support reaction which an animal solely relies
on) governed by one single sweep along the profile. Based on
these observables, the object boundary has to be reconstructed.
It was possible to illustrate the characteristics and influences
of pre-curved technical vibrissae in view of profile scanning.
Based on the Winkler-Bach-Theory for pre-curved beams
we set up the equations for a deformed vibrissa during a
scanning process. We presented an algorithm to reconstruct the
scanned profile in using the generated observables (which an
animal is supposed to solely rely on) via shooting methods.
The reconstruction then was based on solving initial-value
problems on contrast to the generation procedure where we
solved boundary-value problems. The investigations respective
the scanning of a strictly convex profile with a pre-curved
vibrissae showed noticeable differences to the profile scanning
with a straight vibrissa. The extrema of the bending reactions
and the size of the scanned profile area depends on the pre-

11
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curvature radius of the vibrissa. Using a smaller radius, the
tangential contact phase B in the scanning process could be
enlarged. Experiments confirmed the numerical results and
algorithms in this paper. Moreover, the investigation showed
that the profile reconstruction works better with a pre-curved
vibrissa.
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Abstract—This paper presents laser-based tracking (estimation
of pose and size) of moving objects using multiple mobile
robots as sensor nodes. Each sensor node is equipped with a
single-layer laser scanner and detects moving objects, such as
people, cars, and bicycles, in its own laser-scanned images by
applying an occupancy-grid-based method. Each sensor node
then estimates the objects’ poses (positions and velocities) and
sizes using Bayesian filtering and sends these estimates to a
central server. The central server combines the estimates to
improve the tracking accuracy and then feeds the information
back to the sensor nodes. In this cooperative-tracking method,
the sensor nodes share their tracking information, allowing
tracking of invisible or partially visible objects. The
hierarchical architecture of cooperative tracking also makes
the system scalable and robust. Experimental results using two
sensor nodes confirm the performance of our tracking method.

Keywords—moving-object tracking; cooperative tracking;
pose and size estimation; laser scanner; mobile robot; sensor
node

[. INTRODUCTION

Tracking of multiple moving objects is an important
issue in the safe navigation of mobile robots and vehicles.
The use of laser scanners, radars, or stereo cameras in
mobile robotics and vehicle automation has attracted
considerable interest [1]-[7]. The term “tracking” means
estimating the pose (position and velocity) and size of
moving object throughout this paper.

Recently, numerous studies have been conducted on
multirobot coordination and cooperation [8][9]. When
multiple robots are located near each another, they can share
their sensing data through communication network. The
multirobot team can then be considered a multisensor
system. Even if moving objects locate outside the sensing
area of the robot are occluded, they can be found using
tracking data from other robots in the team. Hence, multi
robot system can improve the accuracy and reliability with
which moving objects are tracked [10]-[16].
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Such cooperative tracking or cooperative object
localization can also be applied to vehicle automation,
including intelligent transportation systems (ITS) and
systems