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Planning of Compliant Motions for Fixture Loading

Kyesonah Yu

Abstract : Fixtures are used in almost all phases of machining and assembly to position and hold a part accurately. The class
of fixtures which consists of 3 locators and 1 clamp(3L/1C) s known as the minimal set thal can provide form closure which
is a kinematic constraint condition for preventing all planar motions. This type of fixtures has advantages in terms of the numbe:
of fixture elements required, the titme for clamping, and so on. However it is not widely used in industry because reliable loading
scheme has not been reported. In this paper, we propose a method lo load the class ol 3L/IC [ixfures using compliant motions.
The planner is developed for synlhesizing compliant motions to achieve precise final fixfure configuration in the presence of
sensing and control uncerlainties. A novel approach to eliminate uncertainty in part orientation by adding one extia fixture element

called an aligning pin is proposed.

Keywords : fixture loading, compliant motion planmng, robot uncertainty

I. Intreduction

A fixture is a device used for locating and holding a part
during manufacturing operations such as assembly and
machining. Parts must be loaded and unloaded repeatedly
and accurately so that such operations can be performed
properiv. Due 1o the nature of the fixture, the gap between
the fixture and the part is usually very small. Therelore it
is hard to load a part inte a fixture repeatedly and
accuralely using a robot, especially in the presence of
uncertaintics. Even though the design and analysis of
fixtures has been extensively studied, little research has
been reported on the problem of loading parts into fixiures.

As in Fig. 1, we consider a class of planar fixtures which
consisis of ihree round locators and one translating clamp
[1, 2]. These 4 point contact fixtures provide form closure,
which is a kinematic constraint condition thal prevents all
planar motion. For loading this type of fixtures, the part is
inserted into 3 locators first and then the clamp is applied.
The 3 locator and one clamp approach has some advantages
compared to Lhe traditional fixturing approach as in [3, 4]
1. The 4 point contacl fixlures are known to be a minimal
sel that can provide [orm closure[5]. 2. Il pravides rapid
loading by reducing time for clamping. 3. Therc exists a
complete algorithm for generating this type ol {ixtures[1]. In
spite of these advantapges, il is not widely accepted in
indusiry because loading this type of fixtures is not trivial.
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{a) Fixture using a mumimal set of
3 locators and a clamp

th) Traditivaul f1uure using
mulliple clampy

Fig. 1. Examples - 4 point contact minimal fixture and
a traditioanl fixture.
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In this paper. we develop the planner synthesizing
compliant motions fo loading the class of fixtures, which
are camposed of 3 lecators and 1 clamp (3L/1C). The
planner will generate fixture loading plans thal guarantee
suceessiul loading even in the presence of uncertainties. The
uncertainties considered in this paper are as follows: the
initial position and orientation af ihe parl which cannot be
known exactly due to sensing enor prior to loading, and
rabot conlrol error thal makes it Impossible to achicve a
precise commanded velocity of the parl. When involving
part orientation, the configuration space obstacles become 3
dimensional, which is known to be hard to analyze.
Therefore a unique method o eliminate part orientation
uncertainty is proposed: using an aligning pmn. An aligning
pin is idemtical to a locator but not necessarily part of the
fixture, It is used Tor eliminating orientation uncertainty of
the part during loading.

Under compliant motions, the part can move to lhe goal
not only directly, but also indirectly by sliding on the
surfaces ol abslacles, thereby we call them guides. In the
[ixturz loading problem, because round locators are used as
guides, it is hard ta achieve pure translalional compliance.
Therefore special mechanism is devised called selective
compliance mechanizm (SCM), which is stiff in rotation
during translational motions and rotational compliance is
provided seleclively. Also, simple on/oll sensors are
integrated to locators to defect the contacts betwecen the part
and locators during execution.

1. Previous work

The framework on how to synthesize compliant motions
was introduced by Lozano-Perez, Mason, and Taylor in {6].
They considered a class of the peg-in-hole assembly
problems: the part can reach the goal nol only directly but
also indirectly by sliding on the swrface ol the hole. Their
framework is called preimoge backchoining, where the
preimage of the goal is defined as a range of positions that
can reach the goal in the presence of uncertainly, Erdmann
implemented this method by inlroducing backprojections
which are defined as computed preimages. As stated above,
lacators are not polygonal, the configuration space(Cspace)
obstacles of the fixture loading problem are not polygonal.
Instead theyv become gewerafized polvgons (GPs), with linear
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and circular edges [7]. To deal with GP obstacles, the
Cspace representalion melhod by Lozano-Perez [8] and the
backprojection algorithm by Erdmann [9] cannot be used
directly 1o handle GP obstacles.

Applying the backprojection algorithm to the [ixture
loading problem was originally proposed by Yu and
Goldberg in [10]. Fig. 2(a) describes possible loading paths
as supgesied in [10] for a part and a fixture given in
Fig.1(a) when the part is iniliaily in the desired orientation.
In [10], they mainly focused on extending the exisling
algorithms[2,6,11] 1o cover up non-polygonal abstacles
without losing the completeness ol ihe original algorithms.
Orientation  uncerfainfy was nol considered when
synthesizing compliant motions and it was attempted (o be
removed by pushing as shown in Tig. 2(b) during loading.
However this method to eliminate orientation error is not
sufficient because it is not possible to compute the exact
pushing direction and force to make the part slide into the
goal position. (Reler to [12] for the reasons.) As a result,
the part often sticks on the locators and fails to reach the
final position. Therefore we propose a new method lo
eliminate uncertainty in the part orientation in this paper
using an aligning pin.
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() Correcting orientaticn error in the part

Fig. 2. Loading examples proposed in [10].

The overview of the planner and the executor are briefly
explained in section II. The modified backprojection algo-
rithm to handle non-polygonal obstacles is explained in
section II. Scction IV describes the method for finding an
aligning pin 10 remove uncerlainty in the initial part
orientation. The simulation results of the planner are
demonsirated in section V, followed by the conclusion in
section VI.

II. The overview of fixture loading

There are two main components in fixture loading: the
off-line planner which synthesizes a fixture loading plan and
the executor which actually executes the plan. The esecutor
consists of a robot which actually executes the plan, the
passive compliance mechanism which is specially devised to
execute compliant molions generated by the planner, and the
sensor-based fixtures to detect contacl siate between the part
and fixture element((ixel). Their relationship is described in
Fig. 3.
1. The planner

The planner assumes that position uncertainty of the part
is bounded by a ball of radius g, velocity uncertainly is

bounded by a semi-infinile cone whose axis is the
commanded velocity, whose apex is the initial posilion, and
whose angle is 2g,, and friction between the part and each
fixel conforms to Coulomb's law. The inpul 1o the planner
is a planar polygonal parl represented by an ordered sel of
vertices, Lhe initial configuration of the fixture with a clamp
loesenad, and the desired final configuration of the part in
the fixture.

Planner

_OFF-line planner____ _ | toadingplen _ _ __ _ _______

ON-line executor

Robot

Controller '\

&@r data

Sensor—hased
Fixture

Robct
Manipulator zzacubion
(3CM)

Fig. 3. Components ol a fixtwre loading plan.
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Planning Steps
Step 1 Reduce the original {ixture loading problem to

the problem ol molion planmng of a poinl in generalized
polygonal Cspace. Then abutling edges lo the goal are
disposed, which can be used as guides to the goal. These
edges are candidates for an aligning pin.

Step 2 : Selecl an aligning pin. We call an aligning pin
and a locator on the same edge an alignmg pair.

Step 3 Compute a range of initial positions for a part
and a commanded velocitly to reach the aligning pair which
is turned 1o an mfermediate goal or a subgoal of the fixture
loading (T'ig. 4{a)).

Step 4 : Compute a commanded velocity to reach the
goal from the subgoal (Fig. 4(c)).

Allgring pair

(a) Translate the part unlil it
reachas one of the aligning pair

(o) Translate the part
to the goal pasition

(b} Align tha parl edge
with the aligiming parr

Fig. 4. Example executing a loading plan generated by
the planning algorithm,
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2. The executor

The executor consists of three components as in Fig. 3.
In sensor-based fixture, each fixture clement is equipped
with a simple binary sensor which turns ON when it makes
contact with the part and turns OFF when the contact breaks
[10, 13]. This sensor information is forwarded to the robot
contrefler and the robot controller command motions
according 1o this information. The loading plan generated by
the planner is executed as follows:

Execution Steps

Step 1: Move the part into a subgoal from a given
initial position by translational metion{Fig. 4(a)).

Step 2: Align the part with the aligning pair(Fig. 4(h)).

Step 3: Translate the part along with the aligning pair
to the goal(Fig. 4(c)}.

The special robotic manipulaior is regquired for such
execution that must satisfy the lollowings: (I} It must be
stiff in rolation during translational motion as in Fig. 4{c)
ta prevent the part pivoting about the locator, (2 Rolatiopal
compliance can be activated selectively in the horizontal
plane. In other words, in the example of Fig. 4, rotational
compliance should be allowed in (b). This type of
compliange is achieved by attaching a selective compliance
mechanism to the wrist of the manipulalor.
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Fig. 5. Selective compliance mechanism.

The SCM designed to meet these conditions is shown in
Tig. 3. There are 1wo linear bearings above the rubber pads,
normal to each other, and parallel 1o lhe [ixture platten.
Above the linear bearings, there is a selectable rotational
compliance mechanism. When selected, the device is
compliant to rotational {about the vertical axis) motion, and
when deselected, it is rotationally stiff. A cluich mechanism,
activated by a compressed air cylinder ar electrical solenoid,
is used to select and deselect the rotational compliance. The
linear compliance is always preseni. The stack order of the
devices is not eritical to the operation, but it will be simpler
to implement if the active device is ahove the passive

devices and hence, closer to the manipulator base as shown
m Fig. 5.

When centact with the first fixel 18 achieved, the part
surface should be aligned with the virlual edge connecting
the locator and the aligning pin by using the rotational
compliance of the SCM. The rotational compliance
mechanism clutch is released al this time, allowing the part
to rotale as it is pushed into contact with the aligning pin.
The rotational centering spring has a very low spring
constant so that lorsion from the spring is much lower than
torque from sliding [riction. The only [lunction of the
rotational centering spring is to bring the manipulator pads
to a known orientation when the manipulator is raised.

Translational compliance is achieved by the two linear
bearings. When the manipulator pushes the parl against the
fixel(s), the part slides in a direclion parallel to the
contacting part edge withont rotating. The two centering
springs on the linear bearings are chosen with spring
constants so that sufficient sliding force will be generated
by modest displacement input from the manipulator,

II. Algorithm for planning transiational motions

In this section, the Cspace representation algoiithm for
planning step | and the backprojection algovithm for
planning step 3 and 4 are explained. In other words, the
method of reducing the problem of fixture loading lo the
problem of motion planning of a poinl in generalized
polyponal Cspace in section 3.1, and the backprojection
algorilhm [or computing a commanded velocity and a range
of initial positions for reaching a given goal is explained in
section 3.2.
1 Problem representation in generalized polygonal

configuration space

We convert lhe problem of moving a part to the
equivalent problem ol moving a point in Cspace. Fixels are
treated as cbstacles. 1 we let /i be fixels and P a part and
COpil) be the Cspace obstacle for [, COpff) can be
computed by the equation, COwxTj} = SP &, where & and
& are Minkowski operators defined as P&l = {ptHipEP.
Il and SP={-p|p Er} [8]. To compule Cspace obstacles
for locators, we first expand the part by the locator
radius[14]. The cxpanded part, EP, is nol polygoenal, but
generalized polygonal and locators can be treated as poinls.
Then COpily for localors is simply oblained by translating
EEP by (x, ¥} where (x, v) are the coordinates of /, The
Cspace represcntation for multiple obstacles can be obtained
by the union of individual obsiacles, COpL} = L= COp(ly
, where L=1{/, '}, This pracess is depicted in Fig. 6. The
figure ai the boltom represents the problem of moving a
point equivalent to the figure al the top{original fixture
loading problem). G marked with " is the goal of the
converled problem.
2. GP backprojection algorithm

In the fixture leading problem, the geal s a point
because the parl configuration in the fixture must be unigque
in its posilion and orientation. A premmage of the goal is
defined as a set of initial positions ol the part that are
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Fig. 6. Generalized polygonal Cspace obstacle.

guaranteed to reach the goal. A backprojection represents a
restricled class of computable preimages and is defined as
a region of Cspace such that the part can reach the goal
with a commanded velocity. We apply Erdmann's
backprojection algorithm [9] to compute initial positions for
a part for a specific velocity direction.

We state the following property similar to Laumond's
[15] to extend the algorithm to GP environments.

Property . The boundary of backprojections of gener-
alized polvgonal Cspace obstacles consists of generalized
polygonal lines which are linear segements and arcs of «
crrcle.

Proof : Let BP be a backprojection and CO Cspace
obstacles. The set of boundaries of BF is a union of rays
and a subset of boundaries of CO. Hence the boundary of
BP consists of generalized polygonal lines.

GP_backprojection_algorithm

Step 1 : In COp, mark every non-goal vertex(or end-
points of an arc) at which sticking is possible. Mark every

goal verlex{or endpoints of an arc) if sliding away or
sticking is possible on an adjacent non goal edge.

Step 2 : At every marked vertex(or endpoints of an arc),
erect Lhe inverted velocity cone. The interior side of the
cone is the illegal region that causes sticking at its apex.

Step 3 : Trace out the backprojection region slarting
from the goal, G. Refer Fig. 7.

For vertices, sticking is possible if the inverted velocily
cone overlaps with the [riction cone. It is determined
whether sticking is possible on an arc as {ollows. For arcs,
the normal to the surface continuously changes between two
normals ol adjacent line segmenis. So does the friclion
cone. The axis of the friction cone on an arc is continupus

Velonity

cone /?

Comrmanded velocity

Ll
posinods

(a) Erccting inverled cones
and tracing 4 bp region

() Resulung commandat velocily
and possible mitial pesttions

Fig. 7. Backprojection for a generalized CO.

between two normals of the adjacent line segments.
Therefore we compare the mverled velocify cone and the
range of friction cones of an arc which correspends to the
convex combination of the normals of the adjacent line
segments. If the overlap between the wverted cone and the
range is non null, sticking 15 passible on an arc. In other
words, the exacl range ol an arc on which sticking may
occur can be computed. Flowever as no vertex conlact is
allowed for fixturing, we can simplify the process for
computing backprojections by erecting the inverted velocity
cone only at two end points of an arc al any point of which
sticking is possible.

IV. Algorithm for eliminating uncertainty in part
orientation

Consider the fixture consisting of a polygonal locator and
a cylindrical locator. Uncertainty in part orientation can be
eliminated by using the surface of the polygonal locatlor. By
activating the rotational portion of the SCM, the parl surface
can be aligned with the surface ol the locator. And then the
parl is moved only by translational compliance 1o the goal
(Fig. 8(a)).

ta] Leading by using
edge conlacl to (a)

(b) Equivalenl poinl contacts

Fig. 8. Loading by using edge-conlact and its
equivalent point contacl.

We can implement the kinemalic equivalent contact of an
edge contact by using a pair of round locators: we put two
round localors into contact with the part surface (Fig. 8(b)).
The part can be alipned to the virtual edge connecting two
round locators. This lcads us to introduce an extra pin to
fixtures for the sole purpose of eliminating uncertainty in
part orienlation. We call it an aligning pin.

An aligning pin is identical to a localor bul not
necessarily part of the fixture. 1l is used for eliminating
orientation uncerlainly ol ihe part during loading., After
achieving a deswed parl orienlation by aligning the part
surface with the virtual cdge connecting the localor and the
aligning pin, the parl moves only by translations by locking
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the rotational mechanism of the SCM.

Aligning pin selection algorithm

Step 1 : Find abutting edges to the goal(G) fiom COpZ).
One of these edges will guide the parl into the goal. In Fig
9, e and @ are abutting edges to G.

Step 2 : For each edge from step 1, extend il from the
vertex(other than G) by the distance ol Lhat edge. Sec Fig.
9(a). Then pin holes(the center of hales) on the exfended
edges are candidates for an aligning pin{Fig. 3(b)).

Step 3 . Select one of candidates. I[ the aligning pin is
too close fo the locator(say hy in the example in Fig 9), it
is not completely free from piveting. II the aligning pin is
too far fromthe locator(say hg in the example), achieving the
subgoal is not easy. Therefore when mulliple candidates
exist, one in the middle is chosen.

Step 4 : Then the subgoal is the overlapped portion of
the existing COp(L) and the Cspace obstacles added newly.
Fig. 11 explains this when hy is selected as an aligning pin.
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Candidates for an aligning pin

1) Equivalenr reprasentation
tha original prablem

{a) the dolled lines are candidale
locationg lor an aligning pin

Fig. 9. Candidate locations lor the aligning pin.

Fig. 10. Modified CO by adding an aligning pin.

V. Simulation results

The fixture loading planner and execulor simulalor has
been implemented using Visual C++ on the Microsoft
Windows 98 environment. The planner fakes two input
files: Omne has coordinales of vertices of the part and
locations of three locators in order. The other has values of
the radius ol locators, Ep, £, o and the coefficient of
friction . The program consists of individual modules
reading inputs and computing GP Cspace obslacles,
backprojections, and an aligning pin. Fig. [1 shows the
execution of the Cohstacle module and the backpojeclion
madule for a fixture configuration for the part in Fig .

Simulation results tested on some other polygons are
shown in Fig. 12. We can see Lhat the aligning pin which
is marked with a empty circle is used only for loading and
is not part of the fixture in the final configuralion. When
the parl makes contact with either the aligning pin or the
[irst locator as it is moved in the direction camputed by the
backprojection algorithm, the rotational compliance of the

SCM is selected and the part is rotated freely until the part
ig alignad along the refeience edge. Then the part is moved
only by the translational compliance wilh the rotational
compliance locked.

Fig. 11. Backprojection computed for the part in Fig. I
and the coriesponding loading path.

UDRAWIRG 61T

Fig. 12. Simulation resulls tested on a 7-gon and a
i+-gon(glue gun casc).

Tesl [ixlures were chosen on three polygonal parls shown
in Fig. 11 and I[2. For each pari, ten, eleven, and four
sample fixtwes were given to ibe planner as inpul to
synthesizing a loading plan. These samples weie selected
such that there are only topologically distinguished fixiure
configwations in test sets. Also we excluded fixture
configuralions with no wanslational freedom. Sec Fig. 13.

(b) Fixl.re conhguration with
no nanslaltional freeaom

(a} Topologically equivalen
fiature cehigurations

Fig. 13. Examples excluded [rom the tesl sets.

Planning results were compared with the previous work
in terms of 1wo [lactors: the success rale of planning a
method for eliminating orientation uncertainly and the
allowable orienlalion error bound. The success rales are
summarized in fable 1.

The methed used in [10] failed in many cases [or which
il ean't lind any pushing point on the part or any pushing
ditection. Refer to [10|. The proposed method somelimes
[ailed in finding a proper hole for an aligning pin when the
modular (ixture system with lallice holes ig used. However
if we use the recanfigurable (ixtire system wilhoul lattice
[3] in which the location for a fixture element is nol
restricted 1o the lattice, the proposed method never failed for
all the cases ol our simulalion.
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Table 1. Comparison resulls based on the success rate
of planning,

Success rale ol planning

Number
~ . 3 7 P
Parts ?1 15t | Without an ‘W]ﬂl an ‘I\:lth an 1]15nmg
fixtures aligning pin aligning pin |pin {on arbitrary
= (on the latticc) place)
4-gon 10 60% 80% 100%
7-gon 1L 35% Q1% 100%
14-gon 4 50% 30%% 100%

The aligning pin method is less sensitive o the initial
part orientation error than the method of [10]. The former
tries Lo eliminate oriemalion uncertainty alter making
contact with one locator whereas the latter does alier
achieving the second contact wilh another locator. In other
words, the process of eliminaling orfentalion uncertainty
occurs under less restricted condition with the aligning pin
method. Therefore the aligning pin method is more tolerable
about the degree of the imitial orientation error and allows
larger error bound than the previous method in [10]. Fig. 14
shows loading examples by two methods when the part is
ariented by -7.5° initially. With the method without an
aligning pin, the part can be stuck as in Fig. 1d(a)
depending on lhe degree of the initial orientation ervor, but
wilh lhe other one, the part is not stuck as in Fig. [4{b).

shing pushing

{a) Withoul an aligning pin - {b) With an aligning pin

Fig. 14. Comparison of eliminating orientation etror -
(2) shows the case that the part i3 stuck due to
a larger error value than the allowable error
bound and (b) shows that the loading process
can be successful in the same situation when
using an aligning pin.

VI. Conclusions

In this paper, a new method to load the class of 3L/1C
fixtures in the presence of uncertainlies using compliant
motiens is proposed. A unique approach 1o eliminate
uncertainty in  part orientation is also pioposed. The
simulation results show 1thal the proposed method can
eliminate uncerlainly in part orientation easily while
performing compliant motions generated by the planner just
by using ene extra pin. Compared to the pushing method
used in [10], this method is less restricted to the exact
location and moving direction for the SCM. Moreover, the
proposed method is more iolerable about wuncertainty in
initial part orfentalion. However this method has a limitation
thai it may fail to {ind latlice holes for the aligning pin due

to the discreteness of the grid holes. Therefore it is desirable
that the planning results of fixture loading are forwarded to
the fixture designer so that this limitation can be considered
in fixture designing phase.
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