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This paper is concerned with achieving a higher rate at which a robot operation involving part mating can be carried 
out while free of excessive contact forces. It is shown that the rate is primarily limited by the robot end effector's 
lateral transient response to the contact forces, while the response depends mainly on the link inertia characteristics 
and joint compliances. Both factors were modelled and simulated for robots of SCARA configuration for the chamfer- 
crossing stage. The transient response predicted by the model led to determination of a varying-speed insertion motion 
for the chamfer-crossing stage to avoid large initial impacts between peg and hole and to limit the contact force during 
the entire stage. The discrepancy angle between the contact force and the resultant lateral motion was also considered. 
Good agreement was obtained between the transient response predicted in simulation and that observed in experiment. 

I. INTRODUCTION 
An important requirement for obtaining higher pro- 
ductivity rates in robot operations involving mating of 
rigid parts is that the insertion motions be free of 
excessive contact forces. If all parts were perfectly 
made and positioned, mating could always be carried 
out at the maximum speed of the robot and free of 
excessive mating forces. However, practical con- 
straints such as cost and technical limitations cause 
parts to differ, and robots and jigs to wear; conse- 
quently, parts are misplaced and misaligned at the 
moment of mating. 

Instead of resorting to expensive methods such as 
eliminating errors in advance or sensing and correct- 
ing errors during operations, research has been re- 
ported on robot compliance which accommodates 
these misplacements and misalignments during mat- 
ing. Studies on the intrinsic compliance of a robot 
have been reported 1'3'4 where a relationship between 
joint compliance and compliance at the end effector of 
a robot was derived under the assumption of rigid 
links. The relationship enables one to estimate wheth- 
er the intrinsic compliance of a robot is sufficient to 
achieve a successful mating operation for a given 
robot repeatability and mating tolerance. If not, addi- 
tional compliance may be added to a robot, such as a 
remote compliance center (RCC) device) The effecti- 
veness of a given RCC depends on the part geometry 
and stiffness, and is usually best suited for a limited 
range of part sizes. 

In studies of both intrinsic and externally added 
compliances in mating, an assumption was that the 

mating is carried out at a relatively low speed. There- 
fore, static methods were used to derive the equilibri- 
um conditions for a successful mating, a If, however, 
one is interested in achieving the highest possible cycle 
rate of a mating process, dynamic effects have to be 
considered. 

This paper addresses the dynamic effects during the 
chamfer crossing stage for SCARA robot operations 
involving part mating. Figure 1 shows that, to avoid 
excessive contact forces, the insertion motion Az(t) has 
to be determined according to the lateral response 
Ar(t) under the action of the contact force N(t). First, 
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Fig. 1. Lateral response Ar and insertion motion Az, 
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the geometric compatibility condition of a chamfer- 
crossing motion free of excessive contact force was 
derived. Then, an algorithm to predict the lateral 
response Ar(t) of the robot end effector was obtained 
by modeling robot dynamics where rigid links and 
torsional spring joints were assumed. On that basis, a 
varying-speed insertion motion Az(t) was formulated. 
The entire procedure was validated and compared in 
both simulation and experiment. Close correlation 
between the response predicted by the simulation and 
that observed in experimental data was obtained. 
Implementat ion of the varying-speed insertion motion 
achieved mating free of overshoot. 

II. GEOMETRICAL COMPATIBILITY OF 
CHAMFER CROSSING MOTION FREE OF 

EXCESSIVE CONTACT FORCES 
Parts under consideration were assumed to be rigid 
and have a cylindrical geometry. Joints 1, 2, and 3 of a 
SCARA robot shown in Fig. 2 articulate on parallel 
vertical axes and the workpiece is inserted vertically; 
hence the robot primarily provides compliance on the 
horizontal plane and the compliance is mainly attri- 
buted to joint rotational compliance. 6 Therefore, only 
the lateral component  of a contact force is considered. 

Figure 3a shows a typical cylindrical part  mating 
during the chamfer-crossing stage. Because of the 
misplacements and misalignments discussed above, 

a2* 

k2 f 
a; 

k? 

kl i x +  
Y 

{H} 

Hand Coordinate System 

Fig. 2. Simplified dynamic and joint stiffness model of a 
SCARA robot. 

the peg always contacts the chamfer tirsl, l h c  resu 
tant contact force is denoted as N(t)  and the laterai 
component  is Nr(t ). The net lateral force can be sho~ v, 
as 

Ft(t) = Nt( t )  - yN(t)cos 

= N(t)sin ~ -- l~N(t)cos ~ {I i 

where p is the friction coefficient of the mating surfaces 
and ~ is the chamfer angle. The force Ft(t)  causes the 
end effector's lateral response which eventually lead~ 
the peg into the hole. To avoid excessive contact tbrccs 
during chamfer-crossing, the insertion motion Az(t) 
has to be determined according to the lateral response, 
Ar(t). If the peg is inserted too fast, the chamfer will be 
pressed too hard and the contact force will momen- 
tarily rise to a fairly large value which may result in 
part damage. 

Such a relation between Ar(t )  and Az( t )  can bc 
established by resolving Ar(t) into two perpendicular 
components,  a lateral Arc(t) and tangential Art(t ). The 
displacement, Art(t), produces a downward Azt(t)  gi- 
ven by 

Azt(t)  = Ao(t)tan :~ ~2i 

Note that ArM) causes an upward Az,( t )  as shown 
in Fig. 4a and given by 

Az,(t) = ((Re(t) + Ar2ft))  ' e  - R(t))tan ~: {3! 

where R(t) is the instantaneous radius from the con- 
tact point to the center of the hole. Thus, the total 
insertion displacement as a function of lateral re- 
sponses is 

Az(t) = Azt(t) -- Az,(t) 

= (Art(t) - ((R2(t) + Ar{(t))  ~;z -- R(t~)tan ~. 

Equation 4 relates the lateral motion Ar(t) to the 
insertion motion Az(t) and describes the geometrical 
compatibility condition for chamfer crossing motion 
free of contact forces. For implementation, Az(t) in Eq  
(4) can be determined as follows. 

• Specify allowable contact forces F~(t) and l~yftl 
shown in Fig. 4b and obtain lateral responses 
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Fig. 3. Schematic of peg-chamfer contact. (a) Chamfer-crossing (side view). (b) Chamfer-crossing (top vie~ ! 
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Ax(t) and Ay(t) via solving dynamic equations 
outlined in next section first. 

• Calculate 

Ar(t) = (Ax2(t )  + Ay2( t ) )  1/2 (5) 

~k(t) = tan-  l(Fy(t)/fx(t)) 

and 

~b(t) = tan-l(Ay(t)/Ax(t)) - ~k(t) (6) 

where ~b(t) is the angle between the lateral force 
F,(t) and x axis in {H}, and ~b(t) is the angle 
between Ft(t) and resultant lateral motion At(t) 
shown in Fig. 3b. 

• Calculate 

Art(t ) = Ar(t)cos qS(t) 

and 

Ar,(t) = Ar (t)sin qS(t). (7) 

• Finally, let R(t) = R, which is the nominal radius 
of the mating parts, and substitute Art(t), Art(t) 
and R into Eq. (4) to obtain Az(t). Its derivatives 
are determined by numerical methods. 

III. M O D E L I N G  ROBOT DYNAMICS DURING 
CHAMFER CROSSING 

To model robot inertial and other dynamic effects 
during chamfer-crossing, the following assumptions 
were made. Since the SCARA robot shown in Fig. 2 
primarily provides a degree of compliance in the 
horizontal plane, only three rotational joints were 
modeled. With the SCARA design, the robot arm 
members are normally quite massive and can be 
regarded as rigid links. The bearings are also assumed 
to be rigid 6 because the joints have larger deflections 
in comparison. 

For a mating process by a SCARA robot, a peg is 
usually carried to a location above the hole by the 
rotational joints 1, 2, and 3 of the robot, then insertion 
in the z-direction is activated. Therefore joints 1, 2, 
and 3 are held stationary by their motors during 
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insertion, and joint rotational deflections are due to 
joint stiffness only. Suppose the joint angles before 
contacting the chamfer are 00 = (010 020 030) T and the 
joint stiffness is k = (k 1 k2 k3) r as shown in Fig. 4. 
Then the vector dynamics in joint space is 

M(0)0 + V(0, 0) + K(0, 0o) = • (8) 

where 0 = (01 02 03) r are joint variables, ~ is a 3 x 1 
vector of joint torques, M(0) is a 3 x 3 symmetric 
inertia matrix, and V is a 3 x 1 vector of centrifugal 
and Coriolis terms. The difference between Eq. (8) and 
conventional dynamics formulations is in the third 
term 

K(0, 0o) --  (kl(01 - 010 ) k2(02 - 020 ) k3(03 - 030)) T 
(9) 

which is a 3 x 1 vector of joint stiffness terms. The 
gravitational term is not included because the three 
links remain at the same level all the time. 

For a given robot, Eq. (8) can be formulated and a 
simulation carried out as follows. The allowable con- 
tact forces Fx(t ) and Fr(t ) are specified in the hand 
coordinate system {H} and corresponding joint 
torques are calculated by 5'8 

"c(t) = "Ca(t ) + Jr(t)(Fx(t), Fr(t), O) r (10) 

where Jn(t) is the 3 × 3 Jacobian matrix written in 
{H} and %(0 represents a vector of torques generated 
by joint actuators. The torque term in {H} was taken 
as zero assuming cylindrical part mating. A numerical 
method can be used to solve differential equations in 
Eq. (8) for given values of ¢(t) and the results are then 
converted back to {H} by 

(Ax(t), Ay(t), 0) = Jn(t)AO(t) 

and 

(Ag(t), AjS(t), 0) = Jn(t)At} (11) 

where t emphasizes the time-varying nature of the 
Jacobian matrix; but the simulation results presented 
in next section shows that Jn(t) is almost constant for 
small changes of joint angles. 
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Fig. 4. Relationship between Ar(t) and Az(t) [Pq. (4)3. (a) Schematic for Eq. (4). (b) Schematic for Eqs. (5) to (7). 
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IV. S I M U L A T I O N  
An I B M  7545 SCARA robo t  was used for s imulat ion 
and  experiment .  First, s tep contac t  force inputs  F x ( t )  
and Fy( t )  of var ious  step sizes were assumed.  Figure 5a 
shows one of the s tep inputs  where F~ = F r = 25 N. 
The inputs  were t rans formed to the joint  space via Eq. 
(10). Figure 5b and c shows torques  z t and T 2 at joints  
1 and  2, respectively. Both h and ~2 were a lmost  
cons tan t  because the conf igurat ion change during 
chamfer-crossing is so small that  Jh,(t) in Eq. (10) is 
a lmos t  constant .  Joint  angles 0~ and 02 shown in Fig. 
6a and b as well as their der ivat ives shown in Fig. 6c 
and d were ob ta ined  by solving the coupled nonl inear  
differential equat ions  in Eq. (8), using an I M S L  
subrout ine  I V P A G  which is based on the Adam 
M o u l t o n  method.  Figure 7 shows the end effector 's  
responses,  Ax(t) and Ay(t), as well as their derivatives 
using Eq. (11). Figure  8a and b shows the total  
responses and  total  velocity in the hand coord ina te  
system {H} calculated by 

Ar(t) = Ax/A~ + Ay 2 and  Af(t) : x/Ax/Ax/Ax/Ax/Ax/Ax~ + Ajp 2. (12) 

As expected, the response Ar(t) deviated f rom the 
force vector  F = (FZ~(t) + FZ(t)) 1/2 by an angle q~ .,~ 
30 ° depicted in Fig. 8c, because the conf igurat ion does 
not  provide  a true compl iance  center. The  effect of the 
deviat ion angle 4, cannot  be ignored and is considered 
below. 

V. A VARYING-SPEED INSERTION MOTION 
In the s imulat ion example  above,  Fx = F v = 25 N was 
assumed;  that  is, a constant  contac t  force t: : 
(F~( t )  + F~(t)) ~/2 = (252 + 252) ~n = 35.36 N and a 
cons tant  angle ~b = tan-l(F) , ( t ) /F~(t))  = 45 '  were as-~ 
sumed.  In reality, however,  the angle ~, is unpredict-  
able, because a peg could contact  a chamfer  at an~ 
point  C shown in Fig. 3b. Therefore,  the angle ~b could 
be any value between 0 ° to 360 °. Shown in Fig. 9a and 
b are total  response and velocity of the end effector 
resulting from a step input  F = 35.36 N with different 
possible values of  ~b. It  is seen that  when ~b is near  0 - or 
180 ° , the robot  has the slowest response. Figure %" 
further reveals that  the deviat ion angle q5 between the 
force and the resultant  response is also a function of ~k. 
The largest ~b occurs when ~b is close to 22.5' or 15<5 
In order  to determine which value cor responds  to the 
worst  case, Ar(t) was conver ted  to Az(t) via Eqs. (2) to 
(4) for ~b = 0 , 2 2 . 5 , 1 5 7 . 5 -  and 180 ° illustrated in Fig. 
10a. It became clear that  a l though the angle ~, cannot  
be predicted, the synthesis will always be on the safe 
side if it is based on the worst  case where tp is near 0 
or 180". In a real assembly operat ion,  ~b may be not 
close to 0 '  or 180 ° at all but the contact  tbrce will 
always be less than or at most  equal  to the allowed 
value. Figure 10c and d is the synthesis results of :: 
mot ion  during a cross-chamfer  stage which guaran-  
tees a contac t  force not  greater  than  35.36 N. Figure 
10d indicates that  the best s trategy to mat ing a peg in 
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Fig. 5. Contact forces in {H} and corresponding joint moments. 
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Fig. 7. End effector x and y deflections and their rates, all in {H}. 
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a hole at the highest possible rate without excessive 
contact forces is the following: approach the hole at 
full speed, stop before the peg touches the chamfer, 
and restart the z-axis following the varying-speed 
insertion motion formulated in this paper. 

VI. EXPERIMENTAL RESULTS AND 
DISCUSSION 

The purpose of the experiments was to validate the 
simulated prediction of lateral response, Ar(t), and to 
implement the varying-speed insertion motion. 

The simulation results were validated using the 
apparatus shown in Fig. 11. A set of four strain gauges 
mounted on a simulated peg recorded the forces 
applied in both x and y directions in {H}, while two 
eddy current probes recorded the resultant lateral 
responses in corresponding directions. A typical re- 
cord of the contact forces was plotted in Fig. 12a and b 
and the resultant responses were recorded in Fig. 12c 
and d. The contact forces shown in Fig. 12a and b 
were digitized and used as inputs to the simulation 
program. The lateral responses are overlaid on Fig. 
12c and d for comparison. Good agreement between 
the response predicted by the simulation and the 
actual response was obtained. This indicates that the 
approximations made for the dynamic modeling are 
reasonable. Thus the dynamic simulation of the con- 
tact process provides a valid prediction of the lateral 

response of the end effector; in turn, the varying-speed 
insertion motions based on the prediction is valid. 

An experiment involving the mating of a peg in a 
hole, shown in Fig. 13, was conducted. Figure 14a and 
b shows actual contact forces recorded at a mating 
experiment using the proposed varying-speed cross- 
chamfer motion and the conventional constant-speed 
motion, respectively. Apparently, the varying-speed 
motion avoided the initial impacts. 

Since most robots have relatively low joint flexibi- 
lity, the increment of joint angles under the action of 

Fig. 11. Dynamic modeling validation apparatus. 
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the contact forces at the end effector is normally very 
small, so that the system nonlinearity is negligible [see 
Eq. (11)]. Otherwise the proposed strategy may be- 
come less effective. In order to synthesize a varying- 
speed insertion motion for a given robot, its system 
parameters have to be known accurately. 
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Fig. 13. Peg-hole mating experiment. 
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VII. CONCLUSIONS 
The end effector's lateral response to contact forces 
was predicted in simulation and validated by experi- 
ment. On that basis, a varying-speed insertion motion 
was formulated to avoid excessive contact forces while 
the robot is being used to its maximum capability. The 
conventional method, using a constant speed in both 
the approaching and the chamfer-crossing stages, is 
constrained to use a lower speed to avoid excessive 
contact forces in the latter stage. In contrast, the 
varying-speed insertion motion allows the use of the 
highest possible speed in the approaching stage and a 
varying speed determined by the end effector lateral 
deflection rate in the chamfer-crossing stage. 
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