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In high-speed part mating using robotic arms, the dynamicare usually suitable only for a limited class of parts and
characteristics of the mating process have to be consideredoperating conditions. Therefore, for a given task, it seems
This paper first derives the geometrical compatibility conditionlogical to consider first whether an available robot can
for the insertion motion where mating force/moment are freeaccomplish the task without using special sensors or additional
of overshooting. Simulation studies are then carried out wherecompliance devices [1,2]. EIMaraghy etal. [3] presented a
the dynamic characteristics of a robot, subjected to contactmethod to examine the adequacy of part dimensional tolerances
force and moment, are formulated and solved numerically. Orand robot repeatability for automatic assembly of an existing
that basis, the worst case among different types and combidesign. Given the nominal dimension and tolerance of the peg
nations of misalignments is predicted and a varying speedind hole, as well as the repeatability of the robot, the effective
insertion motion is synthesised. Experimental investigationglearance and a positioning design factor for assembly can
involving square peg mating using a SCARA robot arebe found.
presented. The experimental results show that with such a If the positioning design factor indicates that the combination
varying-speed motion, assembly operations can be carried outf tolerance and repeatability is adequate for a given task, no
in a reduced cycle time without inducing excessive contacadditional sensors or compliant devices are required. The next
force and moments. question is how fast the task can be accomplished, because
robot assembly normally entails repetitive tasks and a small
Keywords: Misalignment, Part mating; Robotic assembly; saving in each cycle time can be significant. Misalignment
SCARA robot and misorientation between parts during automatic assembly,
however, can generate excessive contact forces/moments if the
insertion speed is too high (Fig. 1). This may lead to damage
. to the parts and can sometimes stall the assembly manipulator.
1. Introduction To avoid this problem, a relatively lower speed is commonly
used in mating. This justifies the assumption that the motion
In recent decades, growth in productivity and improvement intakes place in a quasi-static manner. This assumption has been
quality consistency have been provided through the use of newhade by many researchers and a good example is work on
technological methods and machines. One area is the increasipgg/hole variety by Nevins and Whitney [4]. However, in
application of industrial robots in many assembly processegrder to achieve high-speed operations, dynamic characteristics

where peg-hole mating is the most basic and important forngjuring part mating need to be taken into consideration.
of operations. However, variations due to part tolerances as

well as robot inaccuracy have led to uncertainties in end-
effector position relative to a fixture.

Although, these uncertainties can be accounted for by using
active methods such as tactile and vision sensors or passive
methods such as a remote centre compliance (RCC), the com-
plexity introduced and the additional cost involved have limited
their widespread usage. In addition, such sensors or devices
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Res_earch has been reported in the dynamic aspects of pgt Geometrical Compatibility and Dynamic
mating [1,5-7]. Characteristics

The strategy presented by Asada and Kakumoto [5] uses a
dynamic RCC hand for cylindrical part mating. It focuses on ] o .
the inertial forces rather than on the static spring forces. Th&i'st, possible cases of misalignments are analysed in order to
requirement for the desired peg trajectory is to maintain arfl€términe the worst case scenario later in the paper. The
upright orientation while the peg slides along the chamfer. |fgeometric compatibility conditions between aIIowab_Ie insertion
is shown that an arbitrary force acting on the general centroiiSPlacement and the lateral and rotary deflections of the

yields only a transitional acceleration. Furthermore, a no-bouncfPot’s end-effector are then derived. The transient lateral and
ing condition is derived, which states that the angle of therotational deflections are determined via simulation of the robot

velocity vector from the axis of a hole should not be largerdynamics. A varying-speed motion is finally synthesised and

than the angle of the chamfer surface. Yao [1] proposed émplemented for reduced cycle time and overshoot-free mating.
varying-speed insertion method for cylindrical part mating.
First, the lateral response of the end-effector is predicted by o
dynamic simulation and a varying-speed insertion motion is2-1 Misalignments
synthesised to ensure a mating force free of overshooting.
Experimental results demonstrated that the method achieved lais appropriate to regard cylindrical peg and hole mating as
reduced insertion cycle time without causing excessive contad 2D problem. In the case of a square peg and hole mating,
forces. Meitinger and Pfeiffer [7] report a dynamic simulation where rotational misalignments could affect the state of contact
which shows that for compliantly supported part mating, thesignificantly, the problem must be analysed in 3D. In the
forces are dependent only on the position and the velocity ofollowing, it is assumed that the hole is rigid and fixed to the
the robot’'s end-effector with respect to the environment, andgground and the peg is compliantly supported. The centre of
for relatively rigid part mating, the dynamics of the robots arethe rotational compliance is situated on the axis of insertion
characterised by closed loops. (i.e. zaxis in Fig. 2). The rotational misalignments around the
Most work on robotic assembly deals with cylindrical X- and y-axes are neglected because most assembly robots
part/hole mating, while some attention has been paid to non(-e. selective compliance assembly robot arm (SCARA) type)
cylindrical part mating as it finds applications in microelec- essentially provide one degree of compliance in the horizontal
tronics and other industries [8-14]. Strip [10,11] developedPlane. Three cases may be identified, that is, translational
an approach to the insertion of arbitrary Convex_shapednisalignment, rotational misalignment, and combined trans-
pegs into correspondingly shaped holes. First, hybrid forcelational and rotational misalignment.
position control is presented. The insertion procedure begin
in a similar manner to that of Caine etal. [9]. The peg is
tilted to increase the number of configurations in which the
peg will at least enter the hole. The remainder of the strategy
is based on the methods used by human operators. Wu and
Hopkins [12] present the use of hybrid control for the
assembly of a spline peg and a hole. Three-dimensional
displacements, rotations, forces and torques are the para- Translational misalignment in one direction only (Fig)2
meters for the path of insertion, which is divided into  Trangiational misalignment in both directions by an equal
approach s_tage, searchmg stage |, chamfer crossing stageamount (Fig. B).
and searching stage Il. This method needs a longer time for
searching. Sturges and Laowattana [13] report development
of a passive compliance device known as spatial remote

centre compliance (SRCC) for use with non-axisymmetric2, Rotational misalighment onlylf only rotational misalign-
rigid parts, such as, prismatic insertions, and threaded fits. ment is involved, a 4-point contact occurs, as shown in
The same authors [15] report design of an orthogonal com- Fig. 2d). A moment is induced while the resultant of all
pliance for polygonal peg insertion. forces is equal to zero.

Similar to Yao [1] and Leu and Jia [2], this paper IS 3 ypangjational and rotational misalignmentsThe trans-
co_ncer_ned with robo; mating of ”g_'d r_10n—cyI|ndr|caI parts — |ational misalignment in two directions could be equal
using its own compliance. The objectives are to plan the (Fig. 2¢) or not equal (Fig. D).
insertion motion such that no excessive contact
force/moment occurs while the task is accomplished in theAlthough the case shown in FigfR(has both rotational and
shortest possible cycle time. Non-cylindrical part/hole com-different amounts of translational misalignments present, it may
binations could be axisymmetric and non-axisymmetric.not be the worst case in terms of meeting the requirement of
Square chamfered pegs and holes are dealt with in thisontact force/moment free of overshooting and with reduced
paper for simplicity so that the work could be concentratedassembly cycle time. It will be shown in a later section that the
on deriving conditions for mating force free of overshooting interaction between the robot response and the amount/type of
and for higher cycle times. misalignment involved determines which one is the worst case.

1. Translational misalignment onlyif only translational mis-
alignment is involved, a line contact occurs between the
chamfer and the edge of the hole, as shown in Figs &(
2(c). The contact force is evenly distributed along the
contact line, and no moment is induced. This can be further
divided into three cases:

Translational misalignment in both directions by a different
amount (Fig. 2).
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Fig. 3. Lateral responséx and Ay, rotational respons&6, and inser-
tion motion Az

Az(t) = min{Ax(t),Ay(t) }tana Q)

where a is the chamfer angleAz(t) is determined according
to the smaller of the end-effector's responsg(t) and Ay(t)
and in this way although conservative, no force overshooting
will occur.

Secondly, the allowable insertiodz(t), corresponding to
the rotational response of a robot, is considered. The side and
top views of the peg and hole relation are shown in Figd 4(
and 4p), respectively. The lift-up of the peg in thedirection,

z(t), due to the rotational misalignment between the peg and
the hole,8t), can be shown to be:

btam/l_ 1 )
2 7 cow,(t) + sino(t)

whereb is the width of the square peg.
Differentiating both sides of Eq. (2) with respect to time
one obtains

z(t) = @
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Fig. 2. Possible misalignment combinations for square peg/hole.
(a) Translational misalignment only Xdor dy). (b) Translational
misalignment only (&=dy). (c) Translational misalignment only
[(dx > dy) or (dy > dx)]. (d) Rotational misalignment only.e( Trans-
lational and rotational misalignment e dy). (f) Translational and
rotational misalignment [¢d> dy) or (dy < dx)].

2.2 Geometrical Compatibility for Chamfer-Crossing
Motion without Force Overshooting

In deciding the highest speed at which a square peg can be
inserted without incurring overshooting in contact force and
moment, the insertion motiomz(t) has to be determined
according to the end-effector’s lateral and orientational dynamic
response to the contact force and moment. It is the response
which allows the peg into the hole (Fig. 3). The faster the
lateral and the orientational response, the faster a part can be
inserted. If the peg is inserted too fast, the mating elements
will be over stressed and a contact force/moment will momen-
tarily arise and may cause damage to the mating elements.

The allowable insertionAz(t), corresponding to the end-
effector’s translational responsax(t) and Ay(t), can be shown
to be:

(a)

(b)

Fig. 4.lllustration for derivation of Eqs (1) to (4).a] Side view.
(b) Top view.
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_ b tam(co®, - sing,)
Az = 2(cos,+sinp,)?

Ab,(t)

Note that#, is the instantaneous rotational misalignment about
the z-axis in {H} while d, in Fig. 2 is the maximum rotational
misalignment and\6, is the incremental angular displacement
at time t. Equation (3) defines the relationship between the
rotational responsé6, and the corresponding allowable inser-
tion Az(t). The total insertionAz{t), is equal to the sum of

Egs (2) and (3), i.e.

Az(t) = min{ Ax(t),Ay(t)}tana
b tanx(co9, — sinb,)

AB(t)

2(co9, + sing,)?

Ky

(H}

©)

(4)

Hand Coordinate System

Fig. 5. Simplified model of a SCARA robot.
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Fig. 7. Contact force/torque inH}.

Equation (4) is the basis for synthesising a varying speed
insertion motion Az(t) for a square peg and hole mating
problem where both translational responA®(t), Ay(t) and
rotational responsé0, are present. An insertion motion syn-
thesised in this way would not result in contact force/moment
with overshooting, while achieving a higher possible cycle
time under the constraints. Thex(t), Ay(t) and A6,(t) required

in Eqg. (4) are obtained through the dynamic modelling out-
lined below.

2.3 Dynamic Characteristics of Chamfer-Crossing
Motion

To predictAx(t), Ay(t) and A8,(t) during the chamfer-crossing
stage, a dynamic model is derived. For most assembly tasks,
SCARA robots are used. Figure 5 illustrates a simplified model
of a SCARA robot. Three rotational joints are modelled which
are parallel to each other. With the SCARA design, the robot
arms are normally large and can be regarded as rigid links
and compliance is primarily due to the joint flexibility. Since
the SCARA robot provides a single degree of compliance in
the horizontal plane, joint stiffness is simply modelled as a
spring, and controller stiffness is not considered here. The
bearings are also assumed to be rigid because the joints have
larger deflections in comparison [16].

For a mating process by a SCARA robot, a peg is usually
carried to a location above the hole by the three rotational
joints of the robot, then insertion in thedirection is activated.
Therefore, joints 1 to 3 are held stationary by their motors
during insertion and joint rotational deflections are due to joint
compliance only. Suppose the joint angles before contacting
the chamfer aref,=[0,00,0,05" and the joint stiffness
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k =[ky,ko,ks] T, the vector/matrix dynamics written in the joint (a)
Space iS 45.003
M(8)6 + V(8,6) + K (8,80) = (1) (5) ]
= 45.002
where 6 =[04,0,,05]T are instantaneous joint variabled,(8) is e
a 3x3 symmetric inertia matrix and/ is 3x1 vector of z
centrifugal and Coriolis terms. The difference between the 5 45.001+
above formulation and previous dynamics formulations is in
the third term where 45,000 At
0.0 0.8 1.6 2.4 3.2 4.0 4.
K (0,00) = [Ky(6; ~ 01 ko(6; = 60) 8 R et
k3(93 - e30)]T (6)
The gravitational term is not included because the links remain (b) 116.46
at the same level all the time. ]
For a given robot, modelling can be carried out as follows. ;ﬁ 116.45
First, allowable contact forceB,(t), F,(t) and torquer,t) are - ]
specified in the hand coordinate systeht}{and corresponding % 116.44
joint torquest(t) = [7,,7,,75]T are calculated as z 1
= 116.43
() = 7a(t) + JROIFL).Fy (). 701 7 ]
where 7.(t) represents a vector of torques generated by joint 842 =7
actuators andy(t) is the 3x 3 Jacobian matrix written inH}. 00081624324018
A numerical method can be applied to solve the differential
equation in Eq. (5) for given values aft) (Eg. (7)) and the (c)
results are then converted tdd} by 75
[AX(1),Ay(),A0,(t)] = J.(H)A6(Y) 8 3 7]
2 77
and _ . 5 s
[AX(1),Ay(),A0,(1)] = Jn(t)A6(1) ©) 797
where t indicates the time-varying nature of the Jacobian T 80T
matrix; but it will be seen in the next section that the matrix 817
remains almost constant for small changes of joint angles. The 82 T

1 LI T
0.00.8 1.6 2.4 3.2 404238

Time (ms)
(a) 6 Fig. 9. Joint angular deflections.
: <]
< ] end-effector lateral deflection and rotatioAx(t),Ay(t),A0,(t)]
3 1 expressed in I} can then be used in Eg.(4) to calculate
g %7 allowable insertion motion,Az(t). The flowchart shown in
£ 21 Fig. 6 summarises the simulation procedure. Since most
14 SCARA robots provide only limited joint compliance, the
o joint angular deflections when subjected to the end-effector
0008 1624324048 force/moment are usually very small, so that the system non-
Time (ms) linearity can be neglected, and therefore using Egs (8) and (9)
is appropriate.
(b)

Joint torque 2 (N m)
N
1

-8 T T T

1 1 M
0.0 0.8 1.6 2.4 3.2 4.0 4.8

Time (ms)

Fig. 8.Corresponding torques in each joint.

3. Simulation

The purpose of the simulation is twofold. First, it is to predict
the responseAx, Ay and A6, of a robot's end-effector when

it is subject to a given set of contact forces/moments. The
prediction is carried out by solving the chamfer-crossing
dynamics (Eq. (5)) numerically. Secondly, it is to investigate
the worst case among the various misalignments or their
combinations identified in Fig. 2, as the basis for synthesising
a varying-speed insertion motion. An IBM 7545 robot was
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Fig. 10.Joint angular deflection rates. Fig. 11.End effector responsesx, Ay and A#,.

used for the simulation. It is of the SCARA type whose inertiatowards the base of the robot. Finally, the end-effector
matrix M and centrifugal and Coriolis termg are listed in  responses\x(t), Ay(t) and A8/t), as well as their derivatives,
Appendix A.1. Its geometric and inertia parameters are listedare arrived at using Eqgs (8) and (9) (Fig. 11). As seen, both
in Appendix A.2 and its Jacobian matrix in Appendix A.3. the lateral responsedx(t) and Ay(t) and rotational response
AB,(t) to the step input of contact forces and moment are not
instantaneous and the rate of responsecis only about one
tenth of that in they-direction for this robot configuration.

. . The simulation program can predict such responses for an
First, allowable step contact force and moment inputs brog P P y

F«(1), Fy(t) and 7,(t) of various step sizes were investigated. feasible configurations.

Presented in Figs 7 to 11 is a case whege=F,=25 N and

7, = 0.5 N-m were assumed. The inputs were transformed t®.2 Synthesis of a Varying-Speed Insertion Motion

the joint space using Eq. (7) and the corresponding torgues

T, and T; were obtained as shown in Fig. 8. As seen, the jointThe end-effector responskx, Ay and A6, obtained from the
torques remain almost constant because the robot configurati@imulation is then used to synthesise a varying-speed insertion
change due to the force/moment acting at its end-effector is smotion Az according to Egq. (4). Shown in Fig.12 are the
small, and consequently its Jacobian remains nearly unchangeynthesisedAz results for various possible combinations of
during the operation. Joint deflections from the initial configur-translational and rotational misalignments depicted in Fig. 2.
ation, 8,5 = 45°, 0,,=116.45 and 65, =—-7.56 shown in Fig. 9  For instance, casé) is the synthesised varying speed insertion
and their derivatives in Fig. 10 were obtained by solving themotion profile when both translational misalignments are
coupled nonlinear differential equations in Eq. (5) using theassumed to be present and are the same and rotational misalign-
5th-order Runge—Kutta—Verner method. As seen, joints do noment is also present. The results show that the simulation
deflect instantaneously owing to link inertia among otherproduces higher insertion rates for some types and combinations
dynamic effects. The rate of deflection (i.e. joint velocity of misalignments, and lower rates for others. In reality, the
shown in Fig. 10) is slowest for joint 1 and second slowesttype and combination of misalignment present in a mating
for joint 2 because of the progressively increasing inertia effecbperation is unpredictable. However, if the lowest rate syn-

3.1 The End-Effector's Dynamic Response
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Fig. 14.Experimental comparison of contact forca) (using constant

speed insertion motion}p) using varying speed insertion motion.

4. Experimental Results and Discussion

The goal of the experiments is to implement the varying-speed
insertion method and to compare it with the conventional
constant-speed insertion method in terms of contact forces and
moments, as well as cycle times.

Experiments involving mating of a chamfered square peg
Fig. 13.Square peg-hole mating experiment. into a square hole made by EDM were conducted. To measure
the contact forces and moments during the chamfer-crossing
stage, a force and torque sensor (Lord Model 15/100) was
. . . . . mounted behind the peg (Fig. 13). This particular unit is cap-
thesised is chosen in insertion planning, contact force an le of measuring the contact force in three orthogonal direc-

mo_ment free of overs_hoo_ting can be expgcted, regardless flons up to 15 Ib. (66.89 N) each and three torque components
which type and combination of alignment is actually presentup to 50 in Ib (5.649 N m) each, with little cross-talk. Insertions

in the mating operation. In this case, as seen from Fig. 12yer6 programmed for both the varying speed motion and
situation a allows the slowest insertion motion and therefore constant speed motion.

repr_eseqts the_: worst case. As a result, the curve corresponding|p the constant-speed insertion, a speed equal to 5% of the
to situationa is chosen as the answer. In this way, althoughy|| speed of the robot was programmed for both the approach-
COnSGrVaUVe, 0Versh00t|ng in contact force and moment |$n and Chamfer-crossing Stage The graph (F|g’)1ghows

prevented and subsequently the mating elements are protect@¢ht an excessive contact force was induced at the initial
from impact damage. Note the results here are affected b¥ontact. In the varying-speed insertion, the peg was inserted
many factors including robot configuration but the simulationin 100% of the full speed in the approach stage and was made
can be conveniently run for a variety of conditions. to stop just before it touched the chamfer. Then insertion was
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resumed following the varying speed profile (i.e. that for case

a in Fig. 12). The result (Fig. 13 shows that the excessive

varying-speed insertion, on the other hand, the highest possible
speed (100%) was used for the approaching stage, while a
varying speed was used for the chamfer-crossing stage. There-
fore, the cycle time is reduced to about 0.5s. Similar results
were obtained for torques about theaxis. A comparative
experimental result for constant- and varying-speed insertion
motion is shown in Fig. 15 and it can be seen that a 50%
reduction in overshooting at the initial contact is achieved by
using the varying-speed insertion motion. Improvement of con-
tact force overshooting in the- and y-directions is not as
marked as in thez-direction (Fig. 16) because the insertion
takes place in the-direction and it has the most direct impact
on the contact force.

5. Conclusions

If the intrinsic compliance of a robot is known to be adequate
for a part mating application, other methods such as using
additional compliance or active force sensing and control may
not be necessary or may not be the most cost effective.
Therefore, intrinsic compliance should always be explored first.
The robot inertia affects its response to contact force/moment
incurred during part mating. Such a response has been modelled
to determine the insertion rate at which only contact force and
moment free of overshooting will occur. The investigation led
to the synthesis of a varying-speed insertion motion. It is shown
through simulation and experiments that, with the varying-speed
insertion motion, not only are contact force and moment limited
and thus impact is improved, but also a shorter cycle time is
achieved. In order to synthesise a varying-speed insertion
motion reliably, knowledge about robot geometrical and
dynamic parameters is necessary.
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