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Abstract-The difficulties in devising reliable assembly strategies 
result from tlie complexity and the uncertainties of the assembly 
process and its environments such as imperfect knowledge of the 
parts being assembled as well as the limitations of the assembly 
devices performing the assembly. To cope with these problems, 
we presented a new fuzzy rulebased assembly algorithm for 
precision parts mating[l7]. However, the previous method has 
limitation in mating precision parts because the parameters in 
the fuzzy control algorithm were fixed, resulting in rather slow 
search time. To cope with such limitation, this paper presents a 
technique which can significantly reduce the search time. The 
presented technique is based upon the fact that adjustable factors 
in fuzzy algorithm largely influence the assembly performance. 
Especially, this investigation focuses on the effect of the output 
scaling factor. Experimental results show that the proper 
selection of scaling factors can effectively improve the assembly 
perfornimce i n  chamferless parts mating. 

I. INTRODUCTION 

Assemhly automation has become a growing field since 
assembly is a step of tlie manufacturing processes which involves 
a significant percenta,ge of the manufacturing work. The 
automation is not an easy task to accomplish ,however, because 
part inserting requires an extremely high position accuracy and a 
good knowledge for parts properties and their environments such 
as geometries, clearance, and stiffness. Up to now, many kinds of 
assembly strategies antl assembly-oriented tools have been 
cleveloped. Their funtlamental approaches to assembly 
automation have been categorized into thrcc methods[l]. The 
first one is the passive niethod which uses a flexible device such as 
a RCC wrist. The second is the active method which uses 
sensor-based sltills by use of the information obtained from force 
sensor, proximity sensor, vision sensor and so on. The third one is 
the passive-active method which essentially is the combination of 
passive ancl artive methods. 

Many works based upon an active assembly method have been 
reported because the active method lias some merits in a sense 
that' ( 1 )  it can ac:commodate large initial error, (2) it can adapt to 
changing asseiiibly environments, arid ( 3 )  the insertion force can 
be drastically reduced. In  particular, the techniques using force 
sensor liavc been actively presented[2-16]. However, although the 
previous techniques have their advantages, in actual assembly 
task, they did not successfully satisfy the functional requirements 
of (1) nonlinear and complex mapping between force information 
and position of mating parts, (2) not requiring an explicit 
discrirninaiit function for recognizing contact states, and (3) 
roping wi th  the va,gue and inexact relationship between force 
input and position output. 

As a method to satisfy above functional requirements, a fuzzy 
rulebased assembly method lias been proposed[l7]. In this 
method, the concept of fuzzy membership function provides a 
basis of systematic way for coping with the imprecision antl 
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vagueness associated with actual assembly phenomena. Also, the 
linguistic fiizzy rules desc.ribed by IF-THEN not only can 
overcome the diffficulties caused by analytic models but also can 
effectively construct human thinking and knowledge. However, 
the previous presented technique had a critical limitation in that 
the technique requires too much searchin effort for the case of 

corrective motion generated from the fuzzy rules. Moreover, 
although control performance was lar ely affected by some 

fuzzy partitioning and the shape of membership function for a 
primary fuzzy set, the effect of these parameters was not 
considered. 

This pa,per, therefore, investigates the effect of scaling factors 
on assembly performance arid presents a fast searching technique 
for large initial error based upon the fuzzy rules. This technique 
consists of two modes: The one is a fine compensation mode 
whicli is activated i n  case of small error, while the other is a 
coarse compensation mode which is activated in case of large 
error. The above two modes are switched by heuristically 
adjusting the output scaling factors depending on the magnitude 
of errors. The performance of the presented method is evaluated 
through a series of experiments for chamferless peg-in-hole tasks. 

large initial error(above lmm) because o P the saturation of the 

adjustable parameters such as scaling f actors, the number of 

11. FUZZY RULE-BASED ASSEMBLY ALGORITHM 

In peg-in-hole tasks, possible contact configurations between 
them are one-point contact, two-point contact, and area(surface) 
contact. It is noted that three-point contact can be neglected 
because it is mainly caused by intensive tilting action. Regardless 
of the contact states, the operation of the misalignment 
compensation proceeds in the following sequences: When a peg 
contacts with it hole, reaction forces are generated because of the 
interference between the mating parts, and they are measured 
using a force sensor. The measured signals are used to generate a 
control signal which i n  turn actuates the manipulator. In this 
manner, the ~ompensation of the misalignment is accomplished 
according to the measured force signals. In  this study, the basic 
structure of the assembly algorithm is the same as that of [17]. 
However, the parameters within the fuzzy assembly algorithm 
are adjusted, tlepeuding upon the error magnitude. 

The block diagram of the fuzzy rule-based assembly system is 
described in Fig.1. In this strategy, the system consists of four 
modules; namely, fuzzification, rule base, inference mechanism, 
and defuzzification. 

A. Fuzzijcntion 

The fuzzification is defined as a mapping from an observed 
input space to fuzzy sets in a certain universe of discourse. If the 
force element(fi), the moment element(r%i), and the control 
input(Gi) are the fuzzy variables obtained by scaling actual 
values, they are defined by 



where f i  and mi are the measured force and moment components, 
respectively and u i  is the crisp value added to  the corrective 
motion. Also, three scaling factors gf., gm., and g convert 
actual values into their internal elements of universes of discourse 
in the fuzzy controller. 
These fuzzy variables are defined by the universes of 
discourse(Fi, Mi,  and Ui, respectively). Each universe is a set of 
elements given by 

1 1  ui 

Also, the fuzzy subsets, F!, M!, and IJ!, are defined by a set of 
ordered pairs, 

F: = {(fj,PF!(?i))) c Fi 

Mi = {(;li, pM;(Gi))} C Mi (5) 

U! = {(ai, !A k(Gi))} c ui 
" i  

where Ti, G i ,  and :j are the elements of the universes and 
pF !( T' i), p,\( 6 i ) ,  p,, ,;('Y' i) are the corresponding membership 

values which give the degree to which the clement is a member of 
the subset. 

AS sliowii i n  Fig.", we choose tliree fuzzy subsets for T, and T,, 
five for I& ant1 siy, and thirteen for ;, and K,. Force elements(?, 
or T,) ale selccted to be PS, ZR, and NS, fuzzy subsets for 
nloment element,s (6, or GY) are selected as PB, PS, ZR, NS, 
and NB. The fuzzy subsets for the output position (G, or ;i ) are 
selected as PVB, PB, PMB, PSM, PS, PVS, ZR, NVS, NS, kSM,  
NMB, NB, and NVB. The primary fuzzy sets defined above are 
abbreviated a s  follows: 

PVB : positive very big 
PB : positive big 
PMB : positive medium big 
PSM : positive sinal1 medium 
PS : positive small 
PVS : positive very small 
ZIi : zero 
NVS : negative very sinall 
NS : negative sinall 
NSh'I : negative small medium 
N M R :  negative inediuni big 
NB : negativebig 
N V B  : negative very big. 

Environment 
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B. Rule Base 

With the help of the previous linguistic variables, the 
algorithm is developed using production rules of the type "if A 
then B". The rule base consists of rules which connect the force 
elements(T, or T , )  and inoinent eIements(r;i, or I%,) to corrective 
motion(:, or iy) that has to be applied, and contains linguistic 
rules of the form; 

Rk: IF f ,  is l?;, T, is F;, hi, is M!, and I%, is M; 

THEN G, is tJ$ and E,, is U$. (6) 

Each nonzero entry in the rule base corresponds to one rule and 
the consequence of each rule base has a center of fuzzy subset of 
the output position(l.i\) for a pair of (Fk, MY). Because the 
number of rules is 169[17], the overall rule base has the form 

169 

k.1 
R = (  U Rk) 

where Rk represents the kth rule given by (6). The rule base (R) 
can be represented by 

I 69 
= U [(Fk x F$ ... x Mi) -+ (:,)I, {k., 
I G9 

k =  1 
U [(F: x F$ ... x M i )  --t (?iy)]} 

These decomposition can be effectively used to implement the 
algorithm. 

C. In f tvwim Alcchnn,isni 

The rule h e  plays major role in generating the fuzzy 
corrective motion. The fuzzy inference repeated at every 
sampling period was performed in the following procedures: 

NB NS "IZR PS PB 

Moment(M, or My) 

NS " L R  PS 

force(Fx or fy) 

NVB NB NMB NSM NS NVS ZR PVSPS PSM PMB PB PVB 

-5.0 -4.0 -3 0 -2.0 -1.0-0.5 0 0.5 1.0 2.0 3.0 4.0 5.0 
Misolignmenl(Ux or Uy) 

Fig.1. Block diagani of the fuzzy rule-based assembly algorithm. Fig.2. Fuzzy inembership function for input/output variables. 
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<Step  I >  Scaliurg thc basic variables : From the measured force 
and inoment signals, the normalized values, T i  and Gi are 
ca'lculatetl by (1) through (2). The values are ranged from -5 to 5. 
If they ;ire oiit of range, they are saturated to the limited. 

<Step 2 ,  Cdciilntioii of the iuembcrship functioii : From the 
each men~bership function defined i n  Fig.2, there are only two 
fuzzy subsets with non-zero membership grade for a given 
nornia~lized basic variable. Therefore, sixteen membership grades 
can be calculated for each axis. 

<,Step 3, Aggregation of rules : As a result, the sixteen rules 
can be candidates for aggregation rules. The fuzzy inference is 
performed so that the peg position approaches the hole position. 
For each sub rille base (Rx, Ry), the fuzzy inference is performed 
using the MIN-MAX operation which is well known in the fuzzy 
control. 

If puk(Gi)is the nimibership grade function for the subset of the 
i 

output which is the result of the Mh rule, it can be obtained by 

From the results of the I 6  aggregation rules corresponding to the 
values of the antecedent fuzzy sets, the final membership grade 
function /i (iii) can be obtained using MAXoperator; 

"i 

D. Dcfuuszificatioii 

Finallv. to determine the crisi) value of the corrective 
motion (U i) , the defuzzification is p;.ocessed using 
gravity method, 

where p is the number of fuzzy subsets of the output 

he center of 

(11) 

tnd its value 
is 13 i n  our case. The cy (w=l to 13) are the center values of 
fuzzy subsets of the position control input. 

111. EXPERIMENTS 

A. Dcscription o f  thc Expcrimentnl Setup 

The objective of the experimental investigation is to evaluate 
the effect of scaling factors on assembly performance that is in 
this study the searching time. The experimental setup 
constructcd for this purpose, as shown in Fig.3, consists of a 
6-axis force sensor(Barry Wright, FS6-120A-200), a x-g fine 
motion table, a SCARA type robot, a RCC wrist(Barry Wright), 
and IBh/l/AT computer. The function of the x-y table is to 
conipensate tlie niisaligmnents inferrred from assembly 
strategies. The servo axis control boards were designed using 
INTEL 8032 &bit micro controller for interfacing with a main 
controller(IBM/AT). The resolution of the table motion is 
0.003mm for x and y axes, respectively, which is much higher 
than that of the SCARA robot that moves the peg along the 
z-axis. The IBM/AT computer as a main controller 
communicates with the force/torque sensor via a RS-232C serial 

misalignment value between the mating parts from 
force/torque information using fuzzy rules, and sends its inferred 
value to each axis controller of the x-g table via the 8255-A 
parallel I/O(PIO) port. A RCC wrist is used to keep a stable 
contacl between mating parts and perform a successful insertion 
after searchiiig completed. It is noted that the RCC here does not 

~ 
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play a role i n  contributing to searching motion because the parts 
to be assembled here are chamferless. The diameter of the hole is 
2O.Olmm, clearance is 0.01mm and both the peg and the hole a.re 
chamferless. 

B. Expcrhciital Procctlure 

To initiate asseinbly action, tlie peg is brought down in the z 
direction to a specified position. When the contact force (fz) 
between the peg and the hole comes to a certain threshold, the 
searching phase starts. Then, the magnitude and the direction in 
which the peg(or hole) is to be moved in order to find a hole(or 
peg) is inferred using the Uzzy rules. I n  this stage, the searching 
motions(u, or tiy) are generated by multiplying the inferred 
values by tlie output scaling factor. Depending upon the choice of 
the fa.ctor, there are two modes, namely, a fixed mode and a 
switching motle. In the fixed mode the searching motions are 
generated by a fixed output scaling factor, whereas in the 
switching inode those imtions are generated by switching the 
scaling factors from one to another value. The values generated 
from asseiiilily algoritlim are sent to the x-g fine motion 
controller. Then, whether tlie insertion process is successfully 
performed or not can be detected by checking a sudden change in 
the vertical pressing force (fz). Such searching process is repeated 
until tlie searching terminating condition is satisfied. After 

is completed, the insertion process is performed 
to evaluate the assembly performance. If the insertion is executed 
under conditions where corrective motions in x-axis or y-axis are 
incoinplete, jaimning whicli makes insertion impossible can 
occur. 

C. Expcirimeiitnl Results and Dissc~~ssions 

I )  Sea~.cAing trajectories cind reaction forces: The searching 
trajectories and their corresponding reaction forces are shown in 
Figs..l(a) and (b) for the initial error 5mm. In this case, the 
scaling factors gfi, gIni, gUi are 1.0, 0.02, and 0.2 respectively. 
The searching phase is completed at 40 steps, which is checked by 
sudden change in fz. Also, searching motion is very successful 
because reaction force and moment in  insertion phase are almost 
zero which means that the misalignment causing the interference 
between mating parts is compensated successfully. From the 
results, we can draw a clonclusion that the fuzzy rule-based 
assembly rnetliotl can be used to successfully compensate the 
misalignments between the mating parts from the force signals. 

2) The cffccct of o,utp;lit scaling factors: As mentioned 
previously, although all of adjustable parameters in fuzzy 
assembly algorithm affect assembly performance, this experiment 
investigates the effect of tlie output scaling factors g . Figs.5 (a) 
and (1)) show the searching trajectories for two different output 
scaling factors. As from the results the initial errors are 
compensated succe ly in both cases. However, there is a 

U i  

Fig.3. Tlie photograpll of the experimental set-up. 



significant difference in searching trajectories. For large error, the 
case of g =0.4 coinpensates error larger per step than that of 
g =0.2. However, for small error, the searching trajectory of 
g =0.4 has more severe oscillation than that of g =0.2, 
requiring large step number(65steps) due to  this oscillation, in 
small error region. These characteristics show that, as scaling 
factor increases, the searching trajectory is more sensitive to 
changes in the relative position of the peg and the hole. From 
these results, it can be observed that the output scaling factor 
affects not only the shape of searching trajectories but also the 
required step number. 

3) The effect of Switching: Figs.G(a) and (b) show the 
searching tmjectories for the case with one output scaling factor 
and the case switchin. from one scaling factor to another, 
respectively. In Fig.G(a?, the output scaling factor is fixed by 
g =0.2 irrespective of error ma,gnitude, whereas, in Fig.G(b), 
g =0.4 is used for large error and g =0.2 for small error. From 
the results, it is noted that the corrective motion trajectory 
obtained by g =0.2 is finer than that obtained by g =0.4. In 
both cases, searching trajectories are similar, but the required 
step number of switching mode(32 steps) is smaller that that of 
the single scaling mode(54 steps). In Fig.7, the assembly 
performanc,e of the two modes is compared in terms of searching 
step number. The results were obtained by performing assembly 
action ten times for the same initial errors. These results show 
that the switching method can effectively improve the assembly 
performance, resulting in reduced searching time. 

ui 

ui  

Ui  U i  

U i 

U i  U i  

ui U i  

X-axis (mm) 
(a) searching trajectory 

zm f 20:v 
G i  

-15 -250 
0 10 20 30 40 0 10 20 30 40 

Step number  Step number  
I searching phase 11 insertion phase 

(b) reaction forces and moments 

Fig.4. Expel iinental responses foi seaIching trajectories and 
their reaction forces/moments. 

IV. CONCLUSIONS 

In this paper, a fast searching method is proposed by 
heuristically adjusting output scaling factors of fuzzy logic 
controller, and its performance is evaluated through experiments. 
The experimental results show that the assembly performance 
can be improved b y  switching output scalin factors according to 

other factors associated with the fuzzy logic controller, which 
enable assembly to be done in shorter period with reduced 
reaction force, a systematic adjustment technique is being 
investigated. 

error magnitude. At present, in order to ef ! ectively adjust some 
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