Identification of a Thin Flexible Object with Bipedal Gaits
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Abstract— This paper discusses a dynamic nonprehensile 1 Hz order

manipulation of a thin flexible object where the object rotates ~X\¢ =2 AL / I
on a plate. We have found that a thin flexible object shows V TR “sClD ©
bipedal-gaited motions when rotating on the vibrating plate n e
(a) L
+

and that the maximal angular velocity of the object is achieved
by an appropriate plate motion with respect to the object’s

physical parameters. Based on such an object’s behavior, in this -
paper, we propose how to identify the physical parameters of a . /

bipedal-gaited object, as an inverse problem. The relationship Contact
between the plate’s angular frequency and the object’'s angular friction
velocity shows a resonant curve based response. Focusing on this
nature, we employ a Lorentzian curve fitting to represent the
dynamic characteristics of the object with a simple mathemat-
ical expression. Through simulation analysis, we show that two (b) (c)
physical parameters, the first order natural angular frequencgy
in bending and the friction between the object and the plate,
dominate the Lorentzian curve characteristics: the former one
determines the particular frequency leading to the object’s
maximal angular velocity, while the later one determines the
width of the convex curve. Based on the above correlations,
we propose an identification method in which the two physical an object, by characterizing the transition of the object’s
parameters of an object can be estimated. rotation, as an inverse problem.

|. INTRODUCTION In this paper, we first show that a thin flexible object can

: . . rotate on a plate as shown in Fig. 1(c), this plate has two
In recent years, dynamic manipulation has been a prevag—)

. ) . egrees of freedom: one is the translational mofioalong a
ing topic among researchers [1], [2]. Particularly, whea th "< ; . .
. . . . - horizontal axis of the plate, and the other one is the ratatio
object is manipulated by a plate instead of mL“tl'ﬂngere(rjnotion © around the horizontal axis. In addition, we show
hands, the manipulation scheme is called nonprehensile t?lr ) '

i . . - at the flexible object shows bipedal-gaited motions when
non-grasp manipulation [3}-{12]. We have already dev(_:dbperotating on the plate and that it achieves its maximal arrgula

a dynamic nonprehensile manipulation scheme inspired t\%locity by an appropriate combination of the plate’s angul

the handling of the pizza peel and made clear how t:c:)lmplitude and frequency, with respect to its own physical

control the position and orientation of a rigid object on a -
P g ) Eﬁrameters. Then, we show that the curve describing the

Bipedal-gaited
rotating motion

Fig. 1. The object’s high natural angular frequency in begdn (a) with
the friction between the plate and the object in (b), is caeekinto a low
angular velocitywp on the plate, as shown in (c).

plate [13]. This manipulation scheme has the advantage t}f% ationship between the plate’'s angular frequency and the
it can remotely manipulate objects by using a simple flat;.” P e p 9 A y .

: . _ . .0Object’'s angular velocity has a resonance-like curve. rigaki
plate, therefore allowing the robot to operate the object 'gdvanta e of this similarity. we emplov a Lorentzian curve
areas with high temperatures, high humidity, electromtigne 9 Y, ploy

fields, etc, where electrical hardware is unavailable orr\ala/heflttlng to represent the dynamic characteristics of the abje

. . . . . with a simple mathematical expression, instead of the equa-
humans can be in danger. Applying this manipulation sche Ion of motion that is rather complex and difficult to obtain
to handle a deformable object, it also has the advantage of re P

ducing the concentration of stress on the object, thus agid because of the intricate dynamics of the system. Through

the object’s destruction. Based on this consideration, ave h simulation analysis, we reveal that two physical paranseter

tried to control the posture and the shape of a deformabﬁge first order natural angular frequency in bending of the ob

object on a plate [14], [15]. Through a basic experime ctw, as shown in Fig. 1(a) and the friction angle between

and simulation analysis, we have found that a flexible obje%}e object and the plate as shown in Fig. 1(b), strongly

changes its rotational velocity with an analogy to bipeda omma_te the Lorent_2|an curve characterlstlcs. The flrs_t or]
dFtermlnes the particular frequency leading to the olgect

gaits [16]. Such object'ss behavior depends on the physica aximal angular velocity, while the second one determines

parameters of the object. Based on these observations, tpis width of the convex curve. Furthermore, based on such

aper discusses how to identify the physical parameters o ... . . e
pap fy phy P significant correlations, we propose an identification radth

I. Ramirez-Alpizar, M. Higashimori, and M. Kaneko are with in Which the two above mentioned physical parameters of an
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iE ;%'?,‘;?”g%h?ﬁgﬁah_Ugﬁgfi'%ai‘;_ﬁ“;i“.af I;a Su't?hﬁ%}]ﬁp’m In this manipulation scheme, the object’s bending vibra-

nk}@rech. eng. osaka-u. ac.jp tion of 10 Hz order, when using comestible products such as



cheese or ham, is converted to a rotating motion of at mo
1-2 Hz, as a result of the contact friction effect together wit
the object’s bipedal gait like behavior, as shown in Fig.nl. |
general, to directly observe the object’s bending vibrata

high-speed camera with hundreds or thousands fps order
required to guarantee a high accuracy in the measureme
In contrast, the proposed method has the advantage tha
normal camera witt80 fps can be utilized, since we only
have to deal with the low frequency rotation of the object.

This paper is organized as follows: in section Il, we briefly

introduce the manipulation scheme used in this work, and wey. 2. Dynamic nonprehensile manipulation for rotating aifilexobject
show the curve fitting employed to characterize the traositi Using a plate with two degrees of freedom: (@) in experiment @)dn
of the object’'s angular velocity. In section Ill, we proposes'mmat'on'
an identification method to estimate two physical pararsete i
of the object, as an inverse problem. In section 1V, we giv{
the conclusion of this work.

II. OBJECT SANGULAR VELOCITY CHARACTERIZATION

In this section we give a brief explanation of the manip
ulation scheme, and then, based on simulation analysis
show how the curve representing the relationship betwee
the object’s angular velocitwg and the plate’s frequency
fp can be described by a peak function such as the Lorenjgii
one, and its similarity with the resonance phenomenon.

(a)t =0.50 (b) t = 0.51

A. Manipulation Outline

Fig. 2 shows the manipulation of a flexible object on a
plate, in experiment and simulation. The object is a cincula
slice of cheese with a diameter 8) mm, as shown in
Fig. 2(a). The plate has two degrees of freedom (DOFM®
the translational motion (DOEX) and the rotational motion
(DOF: ©), along and around the horizontal axis, respectivelygig. 3. Snapshots of the simulation fgf, — 24 Hz, A, — 3 deg,

We give to the plate’s two DOFs of motion sinusoidaks, = 10x rad/s andx = 36.9 deg. The object is rotating on the plate with
trajectories an angular velocity ofug = 582 deg/s, by using a bipedal-gaited motion.

(c) t = 0.52 (d)t =053

O(t) = —A,sin(2nfpt) 1)
X(t) = Bysin(2mfyt) (2) friction anglea = 36.9 deg. Here% represents the first .
order natural angular frequency in bending, as shown in
where 4,, B,, and f, denote the angular amplitude, thefig. 1(a), that is the frequency with which the object berls u
linear amplitude, and the frequency of the plate motionand down freely, without any external forces nor restraints
respectively. Under this plate motion, the object rotatéh W This parameter depends on the mass of the nodes and the
an angular velocitywp to the counter-clockwise direction elasticity of the joint units of the model used for simulatio
when A,B, < 0, and to the clockwise direction when The friction angle between the plate and the object is defined
ApBy > 0 [13]. asa = tan~'(us), as shown in Fig. 1(b), wherg, is the
For simulation analysis, we utilize the model, as showatatic coefficient of friction, and the dynamic coefficierit o
in Fig. 2(b), introduced in [16] to represent the dynamiGriction is determined asuy, = Bus, where 3 = 0.53 is

behavior of a flexible object. This model is composed ofonstant. Therefore, whem changes it means that, and
virtual tile links, where each virtual tile has a node W|tth also Change' In F|g 3, the Object is rotating with an

massm located at its center. Adjacent nodes are connected fygular velocity ofu = 582 deg/s. If the object is divided

each other by what we call a vis_coelastic joint _unit, wh_ich i$n two parts by the line that passes through its center, and
composed by three DOFs: bending, compression/tension affarding each half as left leg and right leg, the rotational

torsion. The bending and the compression joints have Vignotion of the object suggests a bipedal gait like behavior on
coelastic elements and the torsion joint is free. In Fig)2(bthe floor [16].

the object is composed &R tile links of length10 mm and _ _ »

88 viscoelastic joint units, to approximate the real objecB- Object’s Angular Velocity Transition

shown in Fig. 2(a). Let us now focus on the transition of the object’s angular
Fig. 3 shows the behavior of a flexible objectgf = 10r  velocity wg, through simulation analysis. Fig. 4 shows an

rad/s forA, = 3 deg, B, = 3 mm, f, = 24 Hz and a example of the relationship between the object's angular



g(x)

Fig. 6. Lorentz distribution for three different values ®fandzo = 0.

Fig. 4. Relationship between the object's angular velogity, the plate’s

motion frequenc and the plate’s angular amplitudé,, for B, = 3 . . "
mm, w, :qmﬂ ,Z’;’}S andy — 26.9 deg_g pIuCEs v that the object’s angular velocity transition strongly eegs

not only onw,, but also ona.

In order to simplify the analysis, in the following sections
we suppose that all the flexible objects have the same
negligible thickness, the same circular shape, and the same
diameter of80 mm. Also we only used, = 3 deg and
B, = 3 mm for the plate’s motion.

§ 00 C. Resonance-like Curve Fitting
E The object’'s behavior suggests a peak line shape which

is characteristic of a resonant behavior, i.e. the objects
reaches its maximal amplitudes ,,.x only at the frequency

of resonance. Taking advantage of this similarity, we emplo
a nonlinear regression analysis to represent the transifio
the angular velocity of the object by a simple mathematical
Fig. 5. Relationship between the object’s angular velogigy, the object’s expression.

first order natural frequency in bending, and the plate’s frequencyp, One of the most common functions describing a resonant
for A, = 3 deg, B, = 3 mm anda = 36.9 deg. behavior in curve fitting is the Lorentz distribution (also
known as Cauchy distribution) function

velocity wp, the plate’s motion frequency, and the plate’s g(x) = 1 .
angular amplituded,, for a flexible object of circular shape, A (1 + (%) )
with w,, = 107 rad/s, a friction angle between the plate and ] ] o )
the object ofa = 36.9 deg, and a translational amplitude'Where zo is the median of the distribution) is the half
B, = 3 mm. From Fig. 4 we can obtain the optimumW'dth at half maximal (HWHM) of the probgblllty density
combination off, andA, that generates the maximal angulafunctiong(z). These two parameters determine the shape of
velocity of the object. In this case, it can be seen that fof(%), and its maximal amplitude at = x, is given by
A, = 3 deg the object has its maximal angular velocity 1 4
wBmax around f, = 24 Hz, and that for frequencies larger “= N )
than this the object’s angular velocity decreases as threxobj\which depends on the value af Fig. 6 shows the plot of
becomes unstable, that is, its center slips more fltamm. (3) for three different values of andz, = 0. In this figure
Moreover, Fig. 5 shows the relationship betwegrandws it can be seen that as the value oincreases the value of
for various wn. From this figure, it can be seen that thE[he maximal amp]itude O_f]((E) decreasesy as stated in (4)
frequency at whichup max OcCcurs, is uniquely determined |n order to have the maximal amplitude independent of the
for each of these flexible objects. width of the curve, we now introduce a third parameteso
Also, we would like to point out that in Fig. 3 the objectthat the maximal amplitude is given by
is making contact with the plate frequently, as the object ~ v
rotates on the plate with bipedal-gaited like motions. This a="3" (®)
means that the energy dissipation of the object is mostly dl.teo
to the friction between the plate and the object. In this case
the damping effect of the viscoelastic joint units is copsé (z) = a ) (6)
to be negligible. Based on this observation, we can suppose 1+ (I‘—fO)

25 .
20 45

wn [rad/s] 7 ]0,-(

®3)

nsequently, (3) is replaced by
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Fig. 7. Example of a Lorentz Function. Fig. 9. Relationship between the object’s first order nataragular
700 frequency in bendingv,, and the parametevp, n,.x Obtained from the
nonlinear regression of, vs. wg, for different friction anglesa with
— % — Simulation Data Ap =3 deg andBp =3 mm.
Regression Line
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the solid line represents the regression line. The paramete
~ 400

obtained from this regression at&s,max = 598.7 deg/s,

b = 5.1 Hz, and f, = 25.1 Hz. Here the parameter
fo can be regarded as a kind of frequency of resonance
at which wpg, nax Occurs. These parameters are close to
wBmax = 0582 deg/s atf, = 24 Hz obtained in Fig. 3.
The most common measure of how well a regression model
describes the data is the coefficient of determinafit3n In

this caseR? = 0.9887, the closerR? is to one, the better the
plate’s frequency (independent variable) predicts thedly

Fig. 8. Relationship between the object's angular velocify and the angular velocity (dependent variable).
plate’s frequencyfy, for w, = 10 rad/s,oc = 36.9 deg, A, = 3 deg and
By =3 mm. "

[deg/s]
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. INVERSEPROBLEM: OBJECT S PHYSICAL
PARAMETERSIDENTIFICATION

In (5), the parametey can change the maximal amplitude, In this section, based on the curve fitting of the object’s
therefore we can have curves with the same maximal amphlngular velocitywg line shape described in section II-C,
tude but different widths, that cannot be obtained by usingie propose an identification method of the object’s physical
(4). This third parametety allows the nonlinear regression parameters,,, anda that are supposed to strongly dominate
to get a better approximation of the data to be fitted. Usinthe object’s angular velocity line shape as mentioned in
(6) to express the transition of the object’s angular v&joci section 11-B.

wp as a function of the plate’s frequengy, we have

wn(f,) = WEr max . A (?bject’s natural angular frequency esti mati9n
14 (@) Fig 9 shows the values abg, . resulting from the
b nonlinear regression analysis, for three different flexibl
where wp, max i the maximal amplitude ofvp at f, = objects, that isv, is different, and for six different friction

fo, b is the HWHM and f, is the frequency at which anglesa. From this figure it can be seen that the value of
wp = Wprmax. These three parameters determine the line@ps, max iNCreases as,, increases. However, for each,
shape of this expression, as illustrated with an example the value ofwg, max also changes depending on the friction
Fig. 7. If we compare Fig. 4 with Fig. 7, it can be seerangle«. From this relationship it is difficult to decompose
that both line shapes look similar to each other. The dathe effects ofw, and o on wp, max. This means that,
analysis software Sigmaplot (Systat Software, Inc.) iizetil and/ora cannot be estimated by observing, max.
for the nonlinear regression analysis. This software usesWe next focus on the parametgy. Fig 10 shows the
the Marquardt-Levenberg algorithm to find the parametergsults for the parametef with respect tav,, for the same
wBrmax: Jo, andb, that together with (7), yields the bestsix different friction angles as in Fig. 9. It can be seen that
approximation to the given data. the value off, increases as,, increases. Here, the straight
We carry out the non linear regression analysis of Fig. 4 fdmes represent the regression line betweggnand w,, for
A, = 3 deg by using (7), the resulting line shape is shown ieacha. It can be seen that all the lines are overlapped with
Fig. 8, where the dot line represents the simulation data asinilar slopes. This result suggests that the objegt'san be
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Fig. 10. Relationship between the object’s first order ratangular Fig. 12. Relationship between the half width at half maxitdivided by
frequency in bendings,, and the parametefy obtained from the nonlinear the frequency of resonancgg and the friction anglex obtained from the
regression off,, vs.wp, with its corresponding regression line for different nonlinear regression of,, vs. wp, with its corresponding regression line

friction anglesa with A, = 3 deg andB, = 3 mm. for three differentu,, with A, = 3 deg andB, = 3 mm.
7.0 " 1.0 4
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Fig. 11. Relationship between the friction angleand the half width at  £ig 13 Curves resulting from the non linear regressiomben f,, andw
half maximalb obtained from the nonlinear regression &f vs. wg, for {51 three differentw,, with o = 36.9 deg, A, = 3 deg andB, = 3 mm.
three differenton, with A, = 3 deg andB, = 3 mm. Here f, andwp are normalized byfo andw s, max, respectively.

estimatgd _by a linear equation as a functiorfgfregardless this figure, it can be observed that as the friction angle

of the friction anglea, as follows, increasesp/ fo also increases, with similar slopes for each
of the three flexible objects, and that the valued6f, of

the three different objects for the same friction anglare
Therefore, if we obtainf, from the curve fitting of the similar. This can be better appreciated in Fig. 13, where the
relationship between the object’s angular velocity and relationship betweerf, andwg is shown for three different
the plate’s frequency,, then we can estimate the value ofw,, and the friction anglen = 36.9 deg. Here, both the

Wn=p1fo—q . 8)

the object’s angular frequency in bending. plate’s frequencyf, and the object’s angular velocitys are
o o normalized by its parameterg and wg., max, respectively,
B. Friction angle estimation for eachw,,. Therefore, all the curves have unit height and its

Fig. 11 shows the results for the paramétavith respect peak center is at. From Fig. 13, it is clear that all the curves
to « for three different object’s angular frequency in bendindave similar shape, which means the proportiorb ofy is
wy. From this figure it can be seen that the valued ébr the same for all the three flexible objects with the same
w, = 3.57 rad/s andw,, = 107 rad/s are similar, while friction anglea = 36.9 deg. In contrast, Fig. 14 shows the
the ones forw,, = 337 rad/s are notably larger than therelationship betweerf, andwp for three different friction
others. In this case there is no unique valuenofor each angles and the flexible object af, = 107 rad/s. Here, as
value of b. Let us now use the value df normalized by in Fig. 13, both the plate’s frequencfj, and the object’s
fo and focus on the relationship betweenand b/ f, that angular velocityws are normalized by its parametefs and
contains the information of the sharpness of the curve. Weg, ..x, respectively, for eacla. From Fig. 14, it is clear
show in Fig. 12 the linear regression of the relationshiphat « increases as the proportidif f; does. This implies
betweenx andb/ f, for three different flexible objects. From that the curve shape contains the friction information &f th
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Fig. 14. Curves resulting from the non linear regressionvbet f,, and
wp for different friction anglesa: with w, = 107 rad/s, A, = 3 deg,
and B, = 3 mm. Here f, andwp are normalized byfy and wp, max., 2]
respectively.
[3]

system.

In general the parametér divided by f, represents the
damping coefficient of the system as stated in [17]. This*!
confirms our result that/f, depends on the friction angle
«, as in this case we consider that the energy dissipation il
mainly due to the friction supposing that the damping effect

of the viscoelastic joint units of the object is negligible i [g]
the object’s bipedal gait like motions.
From the linear regressions in Fig. 12, the friction angle [7]

can be estimated by a linear equation as a functioby ¢

as follows, [8]
& =pa(b/fo) — g2 - 9) -

Therefore, if we obtaib and f, from the curve fitting of the

relationship between the object’s angular velocity and the [10]

plate’s frequencyf,, then we can estimate the value of the

friction anglea between the plate and the object. (11]
IV. CONCLUSION [12]

This paper discussed the characterization of the dynamic
nonprehensile manipulation of a thin flexible object. The
main results in this paper are summarized as follows: (13]

1. We discovered that the line shape of the angular veIociL
of the object with respect to the plate’s frequency ha
a resonance-like behavior.

2. We showed that the object's angular velocity transilt®!
tion can be represented with a simple mathematical
expression like the Lorentz distribution one, instead of
a complex expression derived from the dynamics of th&®!
system.

3. We found out that the frequency of resonance at which
the object's maximal angular velocity occurs, dependg’]
on the first natural angular frequency in bending of the
object.

We found out that the width of the convex curve

describing the object’'s angular velocity depends on the
friction between the object and the plate.

We proposed how to identify the object’s first natural

angular frequency in bending and the friction between
the object and the plate, based on the Lorentzian curve
fitting.

In the future, we would like to examine various kinds of
real flexible objects and characterize their dynamic beiravi
in order to validate the applicability of the proposed metho
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