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Abstract. Part motion on a horizontal plane, which is extite perpendicular directions
according to harmonic law, is analyzed in this papensidering an unconstrained part on the
plane and a part having elastic and damping cdni&traMotion trajectories of the part were
investigated, when the plane vibrates along a lercelliptical or complex trajectory, which is
obtained by subjecting the plane to excitation iffecent frequency. Based on the character of
motion trajectories and taking into account theap@aters of the dynamic system, 5 regimes of
body motion were defined. Zones of existence ofsehaegimes were established.
Characteristics of body motion were determineduastfons of coefficient of friction between
the part and the plane, excitation amplitude, feemy and phase shift of the excitation signals.
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Introduction

For assembly automation it is necessary to accemmmperations of parts feeding into
assembly position, orienting and positioning, matghjoining and removing assembled units
from the working area. Matching of connective scefa is the main stage of automated
assembly during which the parts are matched the tis@y can be assembled without
difficulties. In recent years the manipulation dfetparts and assembly automation are
performed using vibrations. The method of vibrateearch can be used for matching of parts
connective surfaces [1]. During the search one parst move along certain trajectories in
respect to the other part by the plane, which rpgredicular to the connection axis. The centre
of the connective part must fall into the zone Bbwable error, which is defined by the
clearance between the parts under assembly, th@sthe chamfers and the axial tilt angle. For
one of the parts being assembled, the search maiion be provided by a robot or a
manipulator. A less expensive and simpler is a owtbf vibratory search, which is based on
the body motion on the horizontally vibrating plaki¢hen the plane vibrates, due to the friction
forces between the surfaces of the part and theepthe body on the plane can move into the
predetermined position along different trajectorégexl to perform the search motion in this
position by a circular, elliptic or more complegjectory.

The transportation and orientation of the parts tbe horizontal plane have been
investigated by numerous researchers. D.S. ReamdkJa=. Canny [2,3] were experimentally
investigating the manipulation of a part on a hamial plane which is excited by four linear
motors. When the plane is moving in complex trajges the friction force fields are created.
Because of this the parts located on the planeiffdreht places may move in different
trajectories. Winncy Y. Du has proposed a deviaetlie vibratory transportation of the parts
[4], which main component is a horizontally-vibragi thin plate. The plate is excited by
modified pulse-width modulation signals. Therebg ffart put on the plane can be transferred
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to the required position. This device can transpdifferent parts and it has a simple
construction but it is impossible to change thesclion of transportation and the motion
trajectory. Horizontally vibrating planes are wigl@pplied not only for the vibratory search but
also for the group transportation of parts. Vilatlines are usually used for the transportation
of powdery products or uniform parts. Frei P. inigeges a line that transports multiple objects
along different trajectories [5,6]. The plane oé ttonveyor consists of separate segments that
vibrate both horizontally and vertically (in two rpendicular directions). By applying the
mentioned principle it is possible to orient, smut and transport the parts at different velocities
along different trajectories. Bohringer K.-F. hasgmosed the mechanism for parts orientation,
which systematically performs orientation and lomglion of the parts [7]. The elastic
vibrations of the plane are excited for that pugodShanging the frequencies of the vibrations,
different modes of the plane vibrations are obthifkehe orientation of the parts and the order
depend on the vibration nodes zone. FedgiaviA. and Tarasedius K. investigated motion of

a body on a vibrating platform under periodicaljntrolled effective coefficient of friction [8].
Circular motion was provided to the platform. Caolliing dry friction makes it possible to
change the direction and velocity of the body bdnagsported. The moving disc-shaped part
displacement and the turn-off angle dependencesexeitation parameters have been
determined experimentally. In this paper, transiegimes of body motion and dependence of
body motion trajectories on the system paramei@ve hot been analyzed.

In the aforementioned works the manipulation oftpan vibrating plane is analyzed by
averaging moment friction forces when any insta@tais planar motion of the plane
corresponds to a rotation about a point. When tm is moving on the plane inertia forces
appear because of relative and translational awstiela. Those inertia forces determine the
character of motion. Various aspects of maniputattm a vibrating plane are considered in
many works taking into account inertia forces. Hfere the problems that are still unstudied
are related to the regimes of part motion on vibgatplane, the influence of excitation
parameters on a character of part motion trajecéony displacement direction. In addition,
research efforts are needed in field of maniputatib the elastically constrained and damped
part on the vibrating plane. This case is typiaal &utomatic assembly when one part is
movably based on a plane and performs search mattbrrespect to other part.

The aim of this paper is by taking into accountaiyic processes investigate theoretically
the motion of cylindrical part on a horizontallyovating plane and to establish motion regimes
that are most suitable for manipulation of the péting assembled automatically. Two cases
are under consideration:

1. the partis unconstrained;

2. the part is elastically constrained and damped.

The plane is excited in two perpendicular diretioBy changing the excitation amplitude,
frequency, the phase of the excitation signalsthadoefficient of friction between the part and
the plane, the part can be easily and quickly eetltd and provided with search motion of
different trajectories, and this way the matchihgannective surfaces is possible.

1. Equations of motion

For matching of the connective surfaces of thespiiue vibratory search method, based on
the movement of the part on the vibrating planeprigposed. The plane is provided with
vibratory excitation along two perpendicular difens. By changing the amplitudes of the
perpendicular components of the vibrations, fregien and phase shift between the
components of vibrations, it is possible to obtdifferent kinds of plane motion law. The
character of the part motion on the plane dependbh®plane motion law.

The motion of the cylindrical body on the vibratiplgne is investigated. The assumption is
made that the diameter of the body is not largeitsnthass is concentrated in the mass center
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of the body. In this case the body may be assursedl flat part.On the horizontal plane the
immovable system of coordinate®y is situated. The coordinate syst&fy is related to the
vibrating plane. The axesandy are parallel to th& and#n axes accordingly (Fig.1, a). It is
assumed that the plane is moving uniformly in @& coordinate system in a way that each
point of it draws a circle of a radiU’. Thus, the movement of any point of the plane is
determined by such equations:

& =¢,+ R, cosat,
n=1n,+R,sinat, ()

where @ is the frequency of harmonic excitatidns time.
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Fig. 1. Dynamic scheme of the vibratory search: a - aearmnt of the axed, — plane,2 — cylindrical
part; b — direction of friction force acting on thedy

On the plane there is a body of masswhich mass centre coordinates in the movable
system are denoted yandy. When the body is sliding in respect to the plass, (t) andy=y
(t) and projections of mass centre accelerationegpeessed by two components:

(@)

{aé =%+ & = X~ R,w? cosat,

a, =y+n=y-Ro"sinat,

The first component determines the relative acaétam of the body, and the second
component determines the acceleration of translatio

The body moving on a plane is influenced by resistedry friction force;, which has the
direction opposite to the relative velocity. It mag assumed that friction force is hardly related
to the speed of the body motion. As the body perfonon-stop movement on a vibrating plane
the rest friction may not be taken into account @&nchay be considered that the friction
coefficient between the contacting surfaces is ketpahe sliding friction coefficient. The
projections of the relative velocity of the body alenoted ask andy . Thereby the projections

of the friction force onto the axésandy (as well as onto the axgsndy) are as follows:
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X

F. = —umgoosv)= —smg——*—_,
y )
F, = —umgcogv,y) = —HMY——,
X +y

wherey is the coefficient of sliding friction between therfaces of the part and the plane.
Using the (3) and (4) expressions differential eigua of the body motion on the plane are
obtained:

X+ yg—x = R.»’ cosat
N ’

. (4)
y = R0’ sinat,

These equations are valid when the body is slidimthe plane, i.e. whexf + y* = 0.

The body on the vibrating plane has two charadiersgages of motion — transient and
steady state. During the transient stage the bbtdgsson the plane following the particular
trajectory. Then steady circular, elliptical orhet motion trajectory is taking place. Equation
(10) defines the radius of the steady circularetr&gyry of the body motion. Both stages of the
body motion on the vibrating plane have been simadiy investigated by numerical simulation
of dynamic equations.

2. Unconstrained part motion on a plane

Motion of the part being assembled automatically @nvibrating plane is under
consideration. The force of friction acts agait& tnoving part and has the direction opposite
to the velocity vector direction. Plane excitatiop harmonic vibrations enables preliminary
positioning of the part on the plane with respecthte other connective part and because of
search motion of the part along the circular, gtipr other trajectory assures matching of
connective surfaces of the parts being assembled.

To solve equations of motion, MATLAB software wasphed and the calculation code
was developed. Results of mathematical simulatemahstrated that the part moving from the
initial point towards the positioning point has zeristic transient and steady regimes of
motion (Fig. 2). The character of the trajectory ftmnsient regime depends both on excitation
amplitude and frequency as well as on the coefftcgd friction and initial velocity. The part
can move to a predetermined position along a @rcldoping trajectory (Fig. 2), or along a
curvilinear or linear trajectory. As the plane \ates by a circular trajectory, the trajectory of
steady motion of the part is also circular (Fig. Rglative to the plane motion, the part repeats
the trajectory of the plane, though the part moi®mlightly delayed in respect to the plane
motion. It is possible to control the direction wfotion by changing the initial phase of
excitation signals (Fig. 3).

For accurate and quick matching of connective sedaof the parts, it is necessary to
identify what parameters have influence on theusdif circular steady motion, because this
radius predetermines the search zone of the cameentrfaces. As the amplitude of excitation
increases the radius of the part motion trajecabsy increases (Fig. 4, a). When the coefficient
of friction increases the radius decreases and whkemation frequency increases radius of part
motion trajectory increases as well (Fig. 4, b).
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Fig. 2. Trajectory of the part on a vibrating plane Fig. 3. Part motion trajectory versus initial phase of
during transient and steady motion regimes excitation signals, ps0.2,R.=0.01 m,»=35 &'
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Fig. 4. Dependence of circular trajectory radRisa - on excitation amplitud&, and friction coefficienfu,
asw=40 s b - on friction coefficientt and excitation frequeney, asR.=0.01 m

The character of the part motion trajectory depamdshe coefficient of friction (Fig. 5).
As friction coefficientu increases, displacement of the part from theaihgosition to position
of steady motion diminishes (Fig. 5 a and b). Whef.08, the part moves along an unwinding
helix trajectory (Fig. 5, c), and further increasifniction coefficient part no longer moves but
only rotates circularly (Fig. 5, d). The charactdrthe trajectory is influenced not only by
friction coefficienty, but also by excitation amplitud® and frequencw. Under higher values
of excitation frequency or/and amplitude, the peaih again move following the circular

trajectory.
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Fig. 5. Character of the trajectories, Rs-0.01 m,w=10 s a -p=0.01, b 4=0.05, ¢ 41=0.1, d -u=0.15
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Based on motion trajectories and taking into act@ats of parameteiR, andw it is
possible to determine 5 regimes of body motion. Ztwees of the existence of these regimes
were established (Fig. 6). With the first zone paeters the part initially moves along a loop
trajectory, which later changes into a circular imo{Fig. 5, a). Within the second zone the part
moves rotating along an arch of a circle, and istadce from the initial position to the centre
of steady circular trajectory is larger than thdiwa of the mentioned circle (Fig. 5, b). In the
third zone the trajectory of part motion is unwimgli helix (Fig. 5, c). The fourth zone
characterizes circular motion of the body (Figdbwithout the transient stage of motion. When
parametersl, andw are within the fifth zone, the part performs ch@aototion, because both
the excitation amplitude and frequency are too kfoalthe body to be able to move along a
circular trajectory.

In assembly automation, the main criterion useddbne the efficiency of the assembly
process is the duration of the parts assembly. Gamhm the assembly duration is highly
affected by the positioning duration, i.e. the timbile the motion trajectory settles into a
steady state. It was determined that when incrgalsoth the excitation amplitudg,, and
frequencyw, the positioning duration increases (Fig. 7, &e Thcrease in friction coefficiept
results in the reduction of positioning duratiofg(F, b).
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Fig. 6. Zones of motion regimes in  Fig. 7. Dependencies of the time positioning duratioroa -
coordinateRR, andw, asp=0.05 excitation frequeneyand amplitudéz,, asp=0.1;
b - on friction coefficienft and excitation frequenay,
asR~=0.01 m

It is possible to obtain different trajectoriestb& plane motion by providing phase-shifted
harmonic excitation to the plane. Then equationthefpart motion are as follows:

= A’ sin(ot + a,),

y-i-,ugﬁ: Aba)z S|n((()t +O.’2),

wherea,, a, are the phase angle of the excitation signals.

In this case, the character of the motion trajgcsod the direction of the body motion do
not depend on the values of phageanda,, but depend on phase differerter,-a,. Variation
of phase difference enables generation of linaesular or elliptic trajectories of body motion
(Fig. 8).

Motion trajectories of the part may be complex wk&nitation along the axésandy is of
different frequencies. Then equations of the bodyion are:

(11)
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) X .
X+ #QW = Rea)l COS(COlt ),
y

W = Rea)zz Sin(a)zt).
+

During the simulation it was determined, that d&edénce between the frequencies is equal
to 1 (l;—w,|=1), then search trajectory of the part is locavdthin the square, having
boundaries depending on excitation amplitude ofplame (Fig. 9), i. e. the magnitude of the
square search area iR22and essentially does not depend neither on eiuitétequency of the
plane, nor on friction coefficient. The higher lietexcitation frequency of the plane, the denser
is the search area that the part goes throughn3are more distant positioning of the part, it is
necessary to increase the excitation frequencgaduae the coefficient of friction.
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Fig. 8. Dependencies of part motion trajectories on plifference agt =0.2;A:=0.01 m;»=20 s'
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J
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Fig. 9. Complex trajectories of the part motion pa.1; w;=20w,; w,=21 s%; A= 0.01 m

In order to match connective surfaces and joimdylcal parts, the axis of part performing
search must fall into the zone of allowable errdhe area of the mentioned zone is
predetermined both by joining clearance and chasrdéthe parts. The probability that the axis
of the bushing, which moves along the circular loptec search trajectory, would fall into the
zone of allowable error depends on the positiothefcentre point of the trajectory in respect of
the mentioned zone, and also on the magnituddsedfitcle radius or ellipse axes. If the minor
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axis of an ellipse is shorter than the diametethefallowable error zone, then the axis of the
part will fall into the mentioned zone twice peaseh cycle. Therefore, at the elliptic trajectory
of the search, the probability to match connectivdaces would be higher. When the plane is
provided with excitation of different frequenciel®rag the mutually perpendicular directions,

the conditions for parts matching get better. Tlaet pnoves repeatedly making loops in

different positions and a higher probability exisat the bushing axis would fall into the zone
of allowable error and unhindered joining of thetpaccurs.

3. Elastically constrained and damped part motion o a vibrating plane

The analysis was carried out when the mating peitdgoassembled (peg) was fed into
assembly position by a manipulator or robot andatter part (bushing) was mobile based on
the plane. Due to the positioning error of the tabe part had interdependent misalignment in
the assembly position. In order to eliminate th@rsrof positioning, horizontal search motion
by means of vibratory excitation was provided te bushing, witch had elastic and damping
constraints in all directions (Fig. 10).

Fig. 10.Scheme for vibratory search of the constrainetl par

Motion of constrained bushing on the horizontahplés described by equations:

X h,x+c, X = mR.o® cosat,
VX2 +y?
. (13)
my + uF _Yy . h,y+c,y=mRw? sinet,
X2 +y?

F=mg+F1.
whereF, is the force of the peg pressing on the bushing:=h,, +h,,, h, =h,+h , are
damping coefficients along andy directions;c, =c,, +c¢,,, ¢, =C,, +C,, are spring stiffness

alongx andy directions.

By means of numerical simulation it was determitteat at the beginning the part moves
on the plane along a complex trajectory from thartistg position to a particular point
predetermined by the system parameters (Fig. HenThe part returns and undergoes a steady
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circular trajectory of motion. The part displacemén the transient movement regime and
radius of steady circular motion depend on thérg#fs of resilient elements and initial velocity,

and also on the friction coefficient and excitatfoequency. Before the steady circular search
trajectory is reached, the part moves over theeplafoops. Thus the probability that the centre
of the moving bushing will fall into the zone ofakiable error increases.

0.01
y,m / N
0.00¢€ {\/ ) )
0.004 \ a3 ‘X\
0 )
-0.004 N

-0.01 0 xm0.01
Fig. 11.Search trajectory of the part

The motion trajectory of the part depends on frictcoefficienty, excitation amplitude
and frequency (Fig. 12). When friction coefficignincreases, the part displacement from the
initial position towards the farthest point of thajectory shortens (Fig. 12 a and b). When
p=0.1, the part moves along the unwinding helix eittgry (Fig. 12, ¢). When friction
coefficient exceeds 0.6, the part no longer movesanly rotates circularly (Fig. 12, d). But at
higher values of the excitation frequency or/ancblitode or if elastic elements of smaller
stiffness are chosen, the part can move againdlwmfthe steady circular trajectory.

0.04 0.0 /K
0tz (] Y, M ZQ)
= 0.0
0 0
: = o/
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00— mo.oz 001 0 xm
a b
4 < 3
yx10 == yx10 | /
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Fig. 12.Character of motion trajectories/ plane, asR~=0.01 m, m=0.01 m, F=5 N, h=h=0.2 Ns/m,
¢=¢,~10 N/m,»=180 st a —p=0.01, b -u=0.1, ¢ u=0.45, d 44=0.63

Considering the character of motion trajectoriess possible to identify 5 regimes of the
part motion, taking into account the sets of patansé, R., andc. Zones of the existence of
these regimes were established (Fig. 13). Witlgthen parameters from the first zone, the part
initially moves backwards and forwards in respecthe initial point by a looping trajectory,
which later changes into a steady circular motiig.(12, a). Within the second zone the part
has characteristic sliding motion along a complejettory and steady circular motion, but
without the forward-backward sliding motion (Fig2,1b). In the third zone the part has
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characteristic helical unwinding motion (Fig. 12, The fourth zone defines circular motion of
the part (Fig. 12, d). When the parameters areinvitie fifth zone, the part motion is chaotic
and of small amplitude.

In Fig. 13, the largest zones are the first ands#teond, as the regime of the part motion on
the plane is transient, later changing into a steadular search motion. These two trajectories
are most suitable for the search.

When mutually dependent connective surface locagioor in the assembly position is
more significant, it is important to know what mexim displacemerit from the initial point
the part is able to perform (Fig. 12, b). All ther@meters of the system have influence on the
distance of the part, but the most significant araplitude R, and frequencyw. It was
determined that increase in excitation amplitudeilits in rapid increase in part displacement
(Fig. 14, a). As friction coefficient increasesplacement decreases and as excitation frequency
increases displacement increases as well (Figo)14,

0.01 0.06 R
R, K m p=0.0%
! ’ )/
0.00 's
0.04 7z U;Zo-l
0.00 N
0.03 p=0.15
0.00 0.02
0 0.01
0.006 0.008 0.01 R,, m 0.014
a
0.05 1
N s_ i (3_1
Ks, M < w/—200\
M T~
0.04 ~ sy
< L w=175 7
0.03 o e
\
=150 &'
0.03 w‘ os =]
2 6 10 ¢ N/m 18 0.02 0.06 0.1 0.14u0.18
b b
Fig. 13.Zones of motion regimes in coordinates: Fig. 14.Dependence of part displacement on:
a -F andR,, asw=150 & p=0.05,h,=h,=0.2 Ns/m, a - excitation amplituékg and friction
b -candR,, asw=150 &', u=0.1,m=0.01 kg, coefficieni, ash=h,=0.2 Ns/m»=150 &',
F=3 N; c=¢c,=c,, h,=h=0.2 Ns/m ¢=Cy=10 N/m,m=0.01 kg,F=2 N; b - friction

coefficientu and excitation frequenay, as
R=0.01 m,h,=h,=0.2 Ns/mc,=c,=10 N/m,
nr0.01 kg,F=2 N

The character of the part motion on the ellipticafibrating plane is similar to the motion
of the part as the trajectory of the plane is dacut is possible to obtain a helix trajectory of
steady motion by subjecting the plane to the etioitaof different or equal amplitudes along
the mutually perpendicular directions and by udifterent stiffness resilient elements alang
andy directions.

65

© VIBROMECHANIKA. JOURNAL OF VIBROENGINEERING 2009 MARCH, VOLUME 11,IssUE1, ISSN1392-8716



432.VIBRATORY POSITIONING AND SEARCH OF AUTOMATICALLY ASSEMBLED PARTS ON A HORIZONTALLY VIBRATING PLANE
B. BAK3YS, K. RAMANAUSKYT E

In previously investigated cases, during the seacsinective parts were not contacting or
they were pressed towards each other by constar@. fohen a steady circular or elliptic search
trajectory is obtained. It is possible to increttse pressing force during the search and thereby
obtain the interwinding helix trajectory. As theepsing force increases, friction force between
the connective parts and between the search-pdarfgrimart and the vibrating plane also
increases. Thus the probability that the centrthefmoving bushing will fall into the zone of
allowable error increases.

The equations of the constrained part motion onr&zbntal plane under varying pressing
force are written as follows:

mX + ,uFl;+ h x+c, x = mRw? cosnt,
X +y°
(14)

—+h y+cy= MR’ sinat,

i} y
my + uF ————
l\/>'<2+y

where F, =mg+c, -v-t, ¢, is spring stiffnessy is pressing velocity;

An increase in the pressing force causes a deciedlke amplitude of search motion over
the plane and the trajectory is similar to therimteding helix (Fig. 15). Some time after search
the motion of the part stops.

The duration till the relative velocity of the pamibtion with respect to the plane reaches
zero depends on the parameters of the dynamicrsy#tériction coefficient and amplitude of
excitation are increased, the stop time reduces ifimkcitation amplitude and frequency
increased, the stop time is increased (Figs. 161&hd

If the size of the allowable error zone is knowirisipossible to choose system parameters
so that the distance between adjacent loops ofwirtding helix (helix pitchA) is not
exceeding the allowable error zone (Fig. 15). Tthentrajectory of the bushing axis certainly
falls into the allowable error zone and matchinghaf parts connective surfaces takes place. It
was determined that the pitch of the interwindiegpincreases over time.

8
9 ; :
R.=0.01m ts, S|
8 o ts, S 4 |
0% m / S\ 6 /R:=0.0075 m 5
4 )‘ \ )& 4 =555
0 Gﬂ 4 N 3 < 0=50s"
TN NS
A \/ 2 [R=0.00tm — w=45< —
-8 0.1 0.15 0.2 0.2503 0.006 0.008 0.01y, m/s 0.014
-1 0 x10% m 1 a b
Fig. 15.Search trajectory of the parfig. 16. Dependencies of the part stop Fig. 17.Dependencies of the
under varying pressing force timefraction coefficientu and part stop time on the peg pres-
excitation amplitud®,, asm=0.005 kg, sing velocity and excitation
v=0.01 m/sh,=h,=0.1 Ns/m, frequenoy asm=0.005 kg,
6=¢,=5 N/m, ;=15 N/m,w=50 &' ¢1=15 N/m,h,=h,=0.2 Ns/m,

6=C¢,=10 N/m,u=0.3,R=0.01 m

4. Conclusions

The character of the part motion on a vibratingnplavas analyzed as the plane moves
along circular, elliptical and complex trajectoriés the part resting freely on a plane and for a
movably-based part. It was determined that the parthe plane is able to follow transient
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motion regime and can move along a certain steajigctory. The performed analysis revealed
that the direction of part motion depends on tlisaimphase of the excitation signal.

Depending on the character of motion trajectorye§imes of body motion have been
defined and, taking into account different setparfameters, the zones of the existence of these
regimes have been established. The best condifiwristerdependent search of the parts are
when the motion character of the part on the vibgaplane is described as falling into the first
and second zone. It was determined that the mofidhe part is delayed in comparison to the
motion of the plane.

This study demonstrated that the phase shifted dv@iorexcitation of the plane in two
perpendicular directions provides a possibilityotstain circular, elliptic and linear trajectories
of motion.

Excitation of the plane in mutually perpendicularedtions by harmonic signals of
different frequency results in part motion alongnpbex trajectories.

Obtained results indicate that movably based pauder the constant peg pressing force,
initially moves in a transient search motion regimich later changes into the regime of
steady motion along a circular or elliptic trajegtdJnder varying pressing force, the trajectory
of the part search on a vibrating plane is similarthe interwinding helix of decreasing
amplitude and the part stops after a while. Depecids of stop time on spring stiffness,
amplitude and frequency of excitation as well apmssing velocity have been determined for
the part.
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