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Abstract

The existing industrial parts feeders move the parts
through a sequence of mechanical filters that reject
parts in unwanted orientations. In this paper we de-
velop a new setup that uses a different vibratory mech-
anism to systematically manipulate parts, by actively
orienting and localizing them. The idea is to gener-
ate and change dynamic modes for a plate by varying
the applied frequency of oscillation. Depending on the
node shapes of the plate for these frequencies, the po-
sitton and orientation of the parts can be controlled.
We develop an analysis of the underlying dynamics,
and show that it can be used to predict the behavior of
objects placed on the vibrating plate. Using this analy-
sis, we propose that the applied frequencies can be au-
tomatically sequenced to obtain a “sensorless” strategy
for manipulating a given object.

1 Introduction

Since it is extremely costly to maintain part or-
der throughout the manufacture cycle, for example by
keeping parts in pallets, parts are often delivered in
bags or boxes, from where they must be picked out
and sorted. A parts feeder is a machine that orients
such parts before they are fed to an assembly station.
Currently, the design of parts feeders is a black art
that is responsible for up to 30% of the cost and 50%
of workcell failures [15, 3, 8, 21, 22]. “The real problem
1s not part transfer but part orientation.”, Frank Ri-
ley, Bodine Corporation [19, p.316, his italics]. Thus
although part feeding accounts for a large portion of
assembly cost, there is not much scientific basis for
automating the process.

The most common type of feeder i1s the wibratory
bowl feeder, where parts in a bowl are vibrated with a

rotary motion so that they climb a helical track. As
they climb, a sequence of baffles and cutouts in the
track create a mechanical “filter” that causes parts in
all but one orientation to fall back into the bowl for
another attempt at running the gauntlet [3, 19, 20]. To
improve feedrate, it is sometimes possible to design
the track so as to mechanically rotate parts into a
desired orientation (this is called conversion). Related
methods use centrifugal forces [8], reciprocating forks,
or belts to move parts through the filter [18].

Sony’s APOS parts feeder [13] uses an array of nests
(silhouette traps) cut into a vibrating plate. The nests
and the vibratory motion are designed so that the part
will remain in the nest only in a particular orientation.
By tilting the plate and letting parts flow across it,
the nests eventually fill up with parts in the desired
orientation. Although the vibratory motion is under
software control, specialized mechanical nests must be
designed for each part [14].

Singer and Seering [22] proposed several designs for
parts feeders where programmed vibration was used to
drive parts into a stable configuration. These methods
can be useful for bringing parts into one of several
poses where its center of mass is as low as possible.

Despite their popularity, these vibratory feeders
have some disadvantages:

1. Parts may get wedged or entangled in filters.
2. Parts may get damaged when dropping back into
the bowl, or worn by repeated rejections.
Each filter reduces the feeding rate.
4. The filters have to be redesigned for each new
part geometry, a task that usually requires skillful
work by human experts.!

o

In the early 1980’s, several researchers used sensors
to determine the pose of parts delivered by a vibratory

I Caine [4] presented an experimental CAD system that as-
sists the construction of track filters for vibratory bowl feeders.
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track [18]. Sensors such as tactile probes [10, 25], pho-
tocells [11], fiberoptic sensors [16], and machine vision
systems [12, 23] were employed. Once part pose was
determined, air-jets and trapdoors were used to group
parts in similar poses.

In this paper, we explore how controlled vibration
can be used for a new setup to systematically feed pla-
nar parts. The idea is to generate and change dynamic
modes in a plate by varying applied frequencies. De-
pending on the frequency of vibration and the bound-
ary conditions, nodes of different shapes are formed
(this was experimentally studied by Chladni [6]). If
planar parts are put on this vibrating plate, they move
to the node, and end up in a stable orientation. We
develop an analysis whereby given the shape of the
node, and the part geometry, the final orientation can
be predicted. For our device, we further propose a
“sensorless” strategy for part manipulation [7], using
the theory originally developed for feeding parts using
parallel-jaw grippers [9], which was recently extended
to arrays of microactuators (Bohringer et al. [2]).
Working independently, Will and Liu are also explor-
ing the 1dea of using a dense array of microactuators
to create programmable force fields’ that can be used
to position and orient small parts. Their simulator
and initial designs for such fields are reported in [26].

The main characteristics of our device are:

o simple design, with no mechanical filters (address-

ing disadvantages 1 — 3)

e programmability (addressing problem 4).

Section 2 describes the design of our devices, and
the performed experiments. In Section 3 we investi-
gate the dynamics of small particles on the plate to
deduce the approximate nature of the effective force
field on the plate. The behavior of objects in a planar
force field is discussed in Section 4. In Section 5, this
model is used to predict the stable rest configurations
for parts on the vibrating plate, and the predictions
are compared with experimental results. Section 6
demonstrates how our device can be programmed for
sensorless manipulation.

2 Experimental Observations

2.1 Setup and Calibration

Figures 1 and 2 are schematic of the experimental
setup, which consists of an aluminum plate forced to
oscillate in two different configurations. The shaker
is a commercially available? electrodynamic vibration

2Model VT-100G, Vibration Test Systems, Akron, OH, USA.
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Figure 1. Schematic of experimental setup 1.
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Figure 2: Schematic of experimental setup 2.

generator, with a linear travel of 0.02 m, and capa-
ble of producing a force of up to 500 N. The input
signal, specifying the waveform corresponding to the
desired oscillations, is fed to a single coil armature,
which moves in a constant field produced by a ceramic
permanent magnet in a center gap configuration.

In the first configuration (Figure 1), the plate is at-
tached to the shaker armature such that it is forced to
vibrate in the longitudinal direction. For low ampli-
tudes and frequencies, the plate moves longitudinally
with no perceptible transverse vibrations. However,
as the frequency of oscillations is increased, transverse
vibrations of the plate become more pronounced. The
resulting motion is similar to the forced transverse vi-
bration of a rectangular plate, clamped on one edge
and free along the other three sides.

The nodes for these transverse oscillations can ei-
ther be obtained theoretically (Rayleigh [17], Timo-
shenko [24]), or experimentally using the technique
originally pioneered by Chladni [6]. By sprinkling
small sized particles (Chladni used sand, we use Urad
lentils to get a better contrast on video) on a vibrating
surface, the nodes can be experimentally identified as
the regions where the particles tend to collect. The
dynamics of “collecting” at the nodes, 1s important in
determining the effective force field that leads to the
orienting and localization effect of our device, and is
discussed in detail in Section 3.
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Figure 3: Experimentally determined nodes, at 60 Hz (left)
and 100 Hz (right), for the setup in Figure 1.

Figure 4: Experimentally determined nodes at 10 Hz (left)
and 20 Hz (right) for the setup in Figure 2.

For the configuration in Figure 1, the location and
shape of the node depends on the frequency of vibra-
tion. Figure 3 shows the experimental determination
of the nodes for frequencies of 60 Hz and 100 Hz.

The second configuration for the plate (Figure 2),
forces the plate to undergo transverse vibrations such
that the resulting shape of the node, and its location,
are independent of the forcing frequency. The plate
is hinged about an axis situated midway between, and
parallel to, two of its sides. A rod connected to the ar-
mature of the shaker forces the plate to an oscillatory
motion about the hinged axis. As expected, experi-
mental determination shows that except for a slight
distortion due to the effect of clamping at the rod, the
node lines up with the hinge axis (Figure 4).

The second setup is run at lower frequencies, to
ensure that only the mode where the plate oscillates
about the hinge axis is excited. If we increase the oper-
ating frequency, modes corresponding to transverse vi-
bration of a plate, clamped at the point of attachment
to the rod and the hinged ends, become dominant,
and the node shape gets complicated. This effect can
be seen at 20 Hz (Figure 4), where the node shows a
tendency to get “pulled” towards the point where the
plate is clamped to the rod.

2.2 Behavior of Planar Parts

If we put planar shapes on the vibrating surface,
there is a marked tendency for them to move towards
the node and end up in one of a finite number of stable
orientations. We observe the following features over
a wide range of frequencies in both the experimental
setups:

Figure 5: Stable position of planar parts, at a frequency of
60 Hz. The node is marked according to Figure 3.

Figure 6: Stable position of planar parts, at a frequency of
20 Hz. The node is marked according to Figure 4.

e From all initial positions on the plate, the objects
move towards the node. They end up in a stable
position around some point on the node, which
depends on the initial position of the object.

e As the object approaches the node (as we show
later, after some portion of it crosses the node),
there is a tendency for it to rotate until 1t reaches
one of a finite number of stable orientations.

Figure 5 shows two planar shapes, a triangle and a
trapezoid, after they have reached their stable position
and orientation for the setup in Figure 1. To better
illustrate the orienting effect, the curve showing the
node has been drawn by hand. Figure 6, similarly
shows the stable position of the planar parts for the
second setup (Figure 6).

Over the large number of experimental runs per-
formed, there are a couple of qualitative observations
describing the ease and speed with which the parts get
into a stable configuration:

e At higher frequencies of oscillation, both the ve-

locity of the part towards the node, and the rate
of orientation, are relatively faster.
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e Objects with a higher degree of rotational asym-
metry get into a stable orientation more easily.

Although the location of the node is better identi-
fied in the second setup, the lower operating frequen-
cies make the localization of the part at the node, and
the corresponding orienting behavior, much slower.
These trade-offs are design considerations that need
to be investigated separately.

3 Identifying the Force Field

The underlying dynamics that causes the objects
placed in a vibrating surface to move towards the node
give rise to an effective force field. In order to develop
a theory for using our device as a viable method for
sensorless manipulation, it is important to determine
the genesis and variation of this force field over the
vibrating plate.

When particles are spread on a vibrating surface,
they collect at the nodes, resulting in patterns known
as Chladni figures (after Chladni [6]). Rayleigh [17]
describes the motion of the particles towards the nodes
in the following words — “the movement to the nodes
1s 1rregular in its character. If a grain be situated else-
where than at a node, 1t is made to jump by a suffi-
ciently vigorous transverse vibration. The result may
be a movement etther towards or from a node; but after
a succession of such jumps the grain uwltimately finds
its way to a node”.

The forces that cause the particles to move to the
node act on any object placed on the vibrating surface,
generating an effective force field. The underlying dy-
namics of this phenomenon is still poorly understood.
In the Appendix we give an approach towards an ana-
lytical model for the more tractable case of the planar
motion of a particle bouncing on a string in transverse
vibration.

Results of our experiments indicate that the forces
at each location of the plate can be thought of as pro-
portional to the amplitude of vibration, and perpen-
dicular to the sinusoidal “envelope” surface of the os-
cillating plate. They are also proportional to the oscil-
lation frequency, and the coefficient of restitution. The
first order approximation near the nodes can be used
to show that the force field is perpendicular to and
points towards the node, and varies linearly with the
distance from the node. This information is enough to
predict the final stable orientation for the parts. For
simulating the field far from the node, we approximate
its magnitude by a sine variation normal to the node
curve.

4 Motion of Parts on the Plate

The case of general objects on the plate is more
complicated than individual particles, because the de-
termination of the point on the object that undergoes
impact, and the resulting impulses, are both difficult
problems to solve. For our analysis, we ignore effects
such as rolling and tilting of the parts and assume
that the contact geometry remains constant over the
impacts.

Instead of dealing with general parts, for which a
more complicated formulation would be required, we
look at planar parts for which deriving the stability
properties is relatively straightforward.

We can consider the planar parts as a conglomer-
ation of “particles”, each of which interacts with the
plate and experiences the effective force field discussed
in Section 3. The forces have to be averaged out over
the area of contact, giving a specific force (per unit
area), f, that acts on all points of the planar object.

Let P be the planar part in contact with the vi-
brating plate V', and ¢ denote the center of mass of P,
with & its surface in contact with V; the total force I
and the moment M around ¢ can be obtained by in-
tegrating the force field f over the contact surface S,

F = [ fda (1)

M = /S(r—c)xfdA (2)

We have made a series of assumptions to suggest
that a force field exists for parts on a planar plate.
Our experimental results indicate that they are good
engineering assumptions when we observe the system
over time, due to an averaging effect caused by the
vibration of the plate. An “exact” modeling of the
impact dynamics between part and plate is intractable
as well as unnecessary for our purposes.

5 Prediction of Rest Configurations

Consider a part P on the vibrating plate V. A rest
configuration 1s a placement of P on V such that P
remains stationary, and stable with respect to small
disturbances. In a rest configuration, the force and
moment acting on P are in equilibrium. This equi-
librium condition is met when the force F' and the
moment M (Egs. (1, 2), Section 4) are zero:

(1
/SfdA S 3)
/S(r—c)xfdA = 0 (4)

F

M
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5.1 Example

Consider a case similar to Figure 6 where the vi-
brating plate V lies in the z-y-plane, and its node is
a straight line coinciding with the y-axis. Further as-
sume that the force field generated by V can be de-
scribed as follows:

(1,0) ifz<0
fle,y) =< (0,0) ifz=0 (5)
(-1,0) ifz>0

Under these assumptions the equilibrium condition
(Egs. 3, 4) simplifies to:

S = S (6)
1 y-axis (7)

C; — Cp

S; and 8, are the part of § on the left and right of
the y-axis, respectively, and ¢; and ¢, are their respec-
tive centers of mass. This means that a part is in
equilibrium if the areas of contact left and right of the
y-axis are equal, and if the line connecting the left and
right center of area is perpendicular to the y-axis (see
Figure 7).

«— Node

S

Figure 7: Equilibrium Condition

Force and moment equilibrium is not sufficient in
practice for a part to come to rest. An equilibrium
may be metastable, 1.e. small disturbances of the part
position or orientation may cause the part to move
away from equilibrium. To understand this effect bet-
ter consider a part P in orientation # in force equi-
librium (F' = 0). For each orientation # we can de-
termine the resulting moment M on P. Note that for
given 8, M is determined uniquely. Thus we obtain a
map from orientation # to moment M. We call this

map the turn function tp : St — R of part P, because
it describes the relationship between part orientation
and its instantaneous rotation. If ¢p(f) > 0 there is
a moment acting on P that will cause a counterclock-
wise instantaneous rotation. ¢p(6) < 0 corresponds to
a clockwise instantaneous rotation. Roots of the turn
function correspond to equilibrium configurations. It
can be shown (see Bohringer et al. [1]) that an equilib-
rium is stable if ¢p changes from positive to negative at
@, otherwise it is metastable. Figures 8a and b show
the part and its turn function for a force field f as

defined above.

o | P

(a) Turn Function t» | (b) Sample Part

e prbqddaddaddads
b prbqaqaaaaaaa

21

b ddaddadada
> prbaddadadaddad<a

(d) Alignment Task

0 m 2n

(c) Alignment Fct. ap

Figure 8: Determining Rest Configurations

Given a turn function tp we can define a corre-
sponding alignment function ap that maps each ori-
entation to a stable orientation. Consider Figure 8a
and c: Stable orientations fy act as attractors for all
orientations ¢ < @y for which ¢p(6) > 0, and for all
0 > 6y for which tp(#) < 0. Thus ap intersects the di-
agonal in rest configurations. Metastable orientations
act as repellers, corresponding to steps in the graph of
ap.

Figure 8d traces the part motion in a simulation.
Note how the part aligns with the node at an angle
of 70° ~ 1.2, as predicted by the alignment func-
tion ap(0) ~ 1.2 in Figure 8c.

For a more detailed discussion of turn and align-
ment functions refer to Goldberg [9] and Bohringer et
al. [1].
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5.2 Extension to Arbitrary Force Fields

In the previous example the simple form of the force
field f yielded simple conditions for rest configurations
for part P. If P is polygonal, there exist explicit for-
mulas for the turn and alignment functions. Different
force fields induce different turn and alignment func-
tions. E.g. if f is linear in the distance from the node,
force equilibrium is obtained when fs z dA = 0, which
implies that the first moment of inertia of the left and
right sections of P have to be equal.

In general vibrations may induce more complex
force fields f. For each such f the alignment func-
tion ap will be a map from the configuration space
to a set of attracting fixed points. The node shapes
have to be acquired by the system in a calibration step
(e.g. using theoretical methods, or experimentally like
Chladni). Once f is known the alignment function ap
can be computed for any given part P. QOur current
system uses simulation for this task. A more system-
atic approach using the convolution of the force field
f with the contact surface & is under investigation.
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Figure 9: Part Alignment on Vibrating Plate

5.3 Comparison with Experiments

Figure 9 shows the simulation of an experiment sim-
ilar to the one in Figure 3. Here we model the node
as a hyperbolic curve such that the magnitude of f
increases proportional with the distance to the node.
This is an approximation to the sinusoidal increase in
f predicted in the Appendix. Linear approximation
is valid because we are primarily concerned with the
alignment properties of the part in the vicinity of the
node.

The observed rest configurations in experiment and
simulation coincide closely. We conclude that to de-
termine the rest configurations we can approximate f
with a linear function, which allows the use of analyt-
ical methods to determine rest configurations.
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Figure 10: Alignment Plan

6 Sensorless Part Alignment Plans

In the previous section we have described how our
device aligns parts with vibratory nodes by an open-
loop manipulation strategy. Our goal is now to bring
parts into a specific configuration from where they can
be picked up for further processing. In the following
we will explain how our device can achieve this task
without the use of sensors. Furthermore it is possible
to generate and execute these plans automatically by
the control software.

As Chladni observed, a wide variety of node shapes
can be generated by changing the frequency of the vi-
brating plate. In addition, clamps can be employed as
removable fixtures to generate other types of nodes. A
single vibration of the plate reduces the set of possible
configurations of a part to a (usually one-dimensional)
subset. Subsequent application of different appropri-
ate vibrations can further reduce the size of this sub-
set. Thus we obtain sensorless part alignment plans
that are similar to the robot grasp plans developed by
Goldberg [9], and the actuator array plans described
by Bohringer et al. [1], and Will and Liu [26]. Fig-
ure 10 shows such a two-step plan for a triangular
part in two different initial configurations. For each
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step, the initial position is drawn in white, and the
final position is drawn dark. Note how after two steps
the parts reach approximately the same rest configu-
ration.

In his analysis for robot grasp plans, Goldberg [9]
shows that any polygonal part can be aligned up to
symmetry by such a sensorless alignment plan. Chen
and Terardi [5] showed that the length of the plan is
linear in the number of rest configurations of the part.

7 Extensions and Future Work

Further experiments need to be done to study the
effect of surface geometry and friction properties on
the final part configuration. The analysis can be fur-
ther developed to determine the nodes and the vibra-
tion mode shape for a given plate setup, and the in-
formation used in conjunction with the part geometry
and surface property to predict the part behavior. We
also propose an extension of the experimental setup
by adding software controlled clamps to alter the node
shapes in a systematic manner. This will then be com-
bined with automatic calibration of the setup by de-
termining nodes using edge detection, and a planner
to automatically generate a plan to get a given part in
a desired orientation. Other manipulation tasks like
sorting and separating parts of different shapes (as
proposed in [26]) are also of great interest. A detailed
experimental investigation of the device over a range
of parameters and varied operating conditions, com-
bined with development of planning tools is required
to make this a viable alternative to existing part feed-
ers.

Appendix
Particle Bouncing on a Vibrating String

To understand the effective forces on particles on a vi-
brating surface, we look at the more tractable case of the
planar motion of a particle bouncing on a string in trans-
verse vibrations (Figure 11).

The string vibrates in the first mode, and is not affected
by its interaction with the particle. The shape of the string,
at time ¢, for a given  location is:

ys = A sinx sin 27vt

where v is the frequency of oscillation. The position of the
particle is given by (zp,y,).

The interaction between the particle and the string is
through a sequence of impacts. We use a model for particle
impact with a finite friction coefficient u, and a coefficient

Y .(xp’yp)
n
{
777777 g - I\
0 xr ™

ys = A sinx sin 27wt
Figure 11: Particle bouncing on a vibrating string.
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Figure 12: Simulation results showing the position of a par-
ticle moving on a vibrating string.

of restitution e. ¢ is the slope of the string at the point
and instant of impact, and is small for small amplitudes of
string vibration.

tanf = A cosz sin2wvi

The motion of the particle can be simulated as a series
of impacts with the string, with the particle in free flight
in-between. The change in the momentum of the particle
during impact, is calculated using a simple planar impact
model. Figure 12 shows the results of a numerical simula-
tion of the model at two different values of e.

For a particle starting at rest, at ¢ = 0, we find that
¥p > zp. Using the assumption that the amplitude of
oscillations is small, sin € = tand , cosd ~ 1. If (¢, ,9, )
represent the velocity just before impact, the velocity just
after impact (i;, g);'), is:

i; e (g, — s )sinf + o Vi, (8)

vp = 9 (l+e)—ecyy (9)

where v__, = (y, — 95 )sind + &, , is the relative velocity
rely P P

along the tangential direction before impact, and a € [0, 1]
is the dissipation factor that depends on p.

After the impact, 7'5;',' is a sum of the relative tangential
velocity before impact, attenuated by friction; and a com-
ponent from the impulse in the normal direction, which
depends on e and the slope of the string at the point of
impact. The portion of  impulse added purely due to the
effect of the string can be approximated as —e y.ssin 8, by
setting g, = 0.

If this component of the impulse were spread uniformly
over time, the effective force, Fes, that the particle would
experience is:

Fog x —veA®sinz cos2mvt cos sin 2wt (10)
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We now use the argument that it is more probable for
the particle to impact the string at times when the string
is above the mean rest position, to show that over a large
number of impacts, the time dependent terms in equa-
tion (10) average out to a positive quantity. Therefore,
the time averaged effective force, Favg, experienced by the
particle 1s:

Favg —veA?sin 2z

This confirms the intuition and the observed behavior that
the particle moves faster at higher amplitudes of string
oscillation, coefficient of restitution, and oscillation fre-
quency. The sine dependency of the force with = ensures
that it points towards the corresponding nodes on either

side of the anti-node at z = 7.
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