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The result given by this approximation is compared to the exact 
solution in Fig. 20, and it can be seen to be a poor approximation 
to the describing-function solution. However, it does yield a 
very fast solution which is not far different from the exact solu
tion for some cases and is conservative for all cases. I t is possible 
that equation (28) might be a useful design tool. 

A brief example to illustrate how the results of this study 
might be used to determine the maximum permitted tolerance for 
a design is the specification of the clearances in the pin connection 
of a slider-crank mechanism with a long connecting rod. If the 
driving elements (see Fig. 21) are of high inertia compared to the 
slider, then the position-forced impact pair is a good dynamic 
model of this problem. Assume that the pin connection shown 
in Fig. 3(6), for which the maximum allowable cyclical deflection, 
Xcmai is approximately 0.6 X 10 ~4 in., is to be used. Taking 
the stroke as one inch and assuming the slide weighs one pound, 
then from equation (16a) 

and 

co„ = 14,600 rad/sec 

X^/Xt = - 6 * 1 0~* = - 8 4 d b 

From Fig. 13 it follows that for the zero-clearance case the system 
may be run at 0.008w/«„ or 115 rad/sec or approximately 1230 
rpm with no fatigue-induced wear of the pin. A clearance of 
±0.001 in. would reduce the permitted speed to 0.0015 CO/OJ„ or 
230 rpm. The problem could be just as readily worked for the 
case where the speed is given and the required tolerance is cal
culated. 

Conclusion 
The dynamic response of the impact pair under a variety of 

operating conditions has been analyzed. I t is shown that the 
simple, elastic, impact-pair model used exhibits a variety of dy
namic characteristics which are believed representative of me
chanical systems with clearances and backlash. 
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These papers well deserved the Proctor and Gamble Award 
which they won at the 11th ASME Mechanisms Conference. 
The authors have laid the ground work for additional contribu
tions which involve the complete, real mechanism system. At high 
speeds, the varying inertia forces in the mechanism, as well as 
the strains due to elasticity of links, will certainly affect the forces 
on the impact pair. In other words, there will not only be dis
placement-forced motion which is quasi-harmonic, but the forces 
Fi(t) and F2(t) will be functions of parameters such as length 
and stiffness of links, configuration, distribution of mass, and 
input speed of the mechanism. Although the solutions for these 
force functions may not be derived in closed form, they may 
be obtained by energy balance in the mechanism. Once these 
functions are found, and a new criterion developed for deriving 
new initial conditions for successive impact regions including the 
above mentioned parameters in addition to previous exit condi
tions, the same type of solution as outlined in these papers would 
yield results to many real problems. A further possibility for 
the extension of the present model could include a representation 
of the liquid or gaseous lubricant film filling the clearance. 
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With regard to the forces acting on the impact pair as a result 

of other elements and effects within a complex mechanical 
system, the discussers have pointed out appropriately that such 
forces will have some effect on the impact-pair characteristics. 

The subject of system interaction, or dynamic coupling, has 
been considered by the authors to some extent in their subsequent 
work, which is part of a general studj' of clearances in electro
mechanical systems, including plane mechanisms. I t is hoped 
that the results of this study will be published in due course. 
In this study, the response of a simple impact pair is compared to 
that of a complex system containing clearance elements. In the 
light of the above discussion, two conclusions, which have • 
emerged from this stud}', may be worth mentioning. The first is 
that the simple displacement impact pair is capable of predicting 
closely the response of complex systems containing clearance 
coupling. The second is that when considering complex me
chanical sj'stems, a numerical approach using the digital computer 
appears to offer a practical method of solution. 

The inclusion of both inertia and elastic forces in the dynamic 
analysis of clearance effects by means of an energy balance, as 
suggested by the discussers, would constitute a valuable contribu
tion. The authors look forward to learning about the results of 
such research on the part of our esteemed colleagues. 
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