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Abstract: In article is considered the influence of shape of the edges and speed of relative movement of parts during the 
assembly process with using of vibrations on the size of the permissible error of their relative orientation. During the 
vibrational assembly of parts with rounded edges, depending on the speed of relative movement of the parts  in a plane 
perpendicular to the direction of the assembly, the ratio of the value of assembly effort, efforts of the clamp and vibrator 
, as well as the frictional force can take place three different cases of assembly for which are received basic calculated 
dependences.  
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1. MEASURES FOR INCREASE THE 

RELIABILITY OF THE AUTOMATIC 
ASSEMBLY 

 
In modern industry automatic means have been used for 
production of he wide variety of goods This leads to 
deepening and advancing of old methods and developing 
of the new ones which are allowed to automate 
manufacturing process. Making of the means for 
automating the technological processes of assembly is 
very important. 
Assembly is a very complex process and consists of 
different kinds of performed operations which are various 
by character and duration. Low level of assembling 
process automation in machine and instrumentation 
engineering can be explained just this. But in spite of this, 
assembling process is on the leader position in modern 
automated manufacturing. 
Typical process of automatic assembly consists of many 
steps, such as loading of components, their feeding, 
orientation, fitting, control, transportation etc. But the 
most difficult and responsible step in the all-assembling 
processes is to make sure of interaction between 
components relative to each other on the assembling 
position with demanded accuracy, because the possibility 
of assembly depends on accuracy of this step. 
There are few methods allowing to increase accuracy of 
relative interaction in assembly: 

 application on the parts chamfers and force for 
connection; 

 reporting one of the parts rotational movement; 
 the method of relative misalignment of connecting 

parts axes; 
 shaking of the part, which is coming on; 
 orientation with using ultrasound devices etc. 

But the method with application of vibrations is the most 
reliable to achieve this goal [1]. During automatic 

assembly with using vibrations assembled parts oscillate 
relative to each other in a plane perpendicular to their 
axes. For the connection parts is required: 
1) that at a certain time - axis of the parts were at a 

distance less than the tolerance value; 
2) to take into account the speed of their relative 

movement.  
For the standard join such as shaft and bush the condition 
of ensuring connection can be written as 

∆Σmax ≤ δq  ,  (1) 

where ∆Σmax - maximum total error of the relative 
orientation of the assembled parts; 
δq – maximal radial clearance. 
Permissible error of the relative orientation of the 
assembled parts is determined by the type of assembly 
and precision manufacture of the mating surfaces. 
 
2. FORCES ACTING ON THE MATING 

PARTS 
 
Let's examine the movement character of the parts in the 
vibrating assembly. Let's suppose that at some moment of 
time parts take up the position, which is shown at the 
Figure 1: shaft moves along the axis X from left to right, 
and the deviation of the axes of parts along the axis Y is 
zero. 
In this case allowable deviation δ is determined by the 
size of clearance in the connection. It should be noted that 
vibrations and form edges on the mating surfaces are not 
taken into account. 
Starting from the position shown in the Figure 1, under 
the effect of the assembly force P the shaft 1 will go into 
the hole of the bush 2 and at the same time it will make 
the movement along the axis X. After contacting with the 
right edge of the hole the character of the further 
movement of the shaft will have changed. It will depend 
on 1) the penetration depth of the shaft into the hole 
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during the initial period of assembly, 2) the magnitude of 
chamfers or radii edges, 3) the character and magnitude of 
forces acting on the parts. 

 
 

Fig.1. Scheme of assembly of parts without chamfers 
 
To determine the effect of various factors on the vibration 
assembly let's consider the scheme of contact of parts 
with a radial edges (Figure 2). 

 
 

Fig.2. Scheme of the contact of details with rounded 
edges. 

 
In the contact point on the mating parts have an effect the 
following three forces - assembling force P; clamping 
force Q; and the force of friction Pf between the 
contacting surfaces. The magnitude of these forces can be 
determined by calculations on the assumption of the 
following conditions. 
Clamping force must be greater than the force of friction 
that occurs between the contacting end faces of vibrating 
parts, that is Q>Pf. Otherwise, the parts will oscillate 
together, pressing the end faces to each other, and their 
assembly will  be impossible. At the same time to create a 
normal mode of vibration the force of friction Pf on the 
contacting surfaces of faces of parts should be lower than 
the force F, generated by a vibrator. 
Thus, at the contact of real surfaces on the overall picture 
of forces, pressures and conditions of assembly are 
affected the forces of friction on the contacting surfaces 
of the assembled parts. 

3. DETERMINATION OF THE OPTIMAL 
SHAPE OF EDGES OF MATING 
SURFACES 

 
As criterion by definition of the optimum form of mating 
surfaces - surfaces of friction we shall choose the force of 
friction arising between contacting surfaces. 
The geometrical form of working surfaces of the parts 
such as shaft and bush, their position, and also the friction 
arising between contacting surfaces, are similar to 
spherical sliding bearing. Therefore at definition of the 
optimum geometrical form of working surfaces the 
formulas used for calculations of spherical support sliding 
bearing are suitable [2]. 
The optimum form of details edges between which there 
is a dry friction, we establish, defining the moment of 
friction resistance - in an optimum case the minimal 
moment of friction should be ensured. 
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where P – axial loading; 
f – factor of friction; 
ρ – radius of a place of contact of a shaft with a bush; 
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where Еshaft and Еbush - modules of materials elasticity of a 
shaft and the bush; 
rshaft  and  rbush - radiuses of edges of the shaft and the 
bush; 
σc max - the maximal contact stress in the place of contact 
of a shaft with the bush 
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Let's define the optimum form of edges for three variants: 
edges with rounded form, "ideally" sharp edges and edges 
with chamfers by calculating the moment of resistance of 
friction for the following calculated values: 15Cr2 EN 
10084; P=0,5kgf; rshaft = rbush= 0,1cm; f = 0,22 [3]; Eshaft = 
Ebush = 2,1⋅106kg/cm2. 
The first case: edges with rounded form (Fig.2). After 
substituting in formulas (2) and (3) we have received the 
following results: Msh.resist.=1,6396⋅10-4 kg.cm., σc max = 
37,275⋅103kg/cm2. 
The second case: "ideally" sharp edges (Fig.1). In 
according to reference [4] radius of edges we shall accept 
followings: rshaft = rbush= 0,04cm.  
The maximal contact pressure σc max = 68,662⋅103kg/cm2 
and the moment of resistance of friction 
Msh.resist.=1,208⋅10-4 kg.cm. 
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The third case: edges with chamfers. In this case it is 
necessary to consider two kinds of contact: contact on a 
spherical surface and on a plane. Therefore the moment of 
resistance develops of two components:  

PflfMMM plsphresistsh +=+= ρπ16/3.. ,  (4) 

where l – length of the path. 
The size of chamfer is 0,1 cm, then l = 0,07 cm. And in 
the result Msh.resist.=78,758⋅10-4 kg.cm. 
Analyzing all three cases, it is possible to make a 
conclusion that the minimal forces of friction arise during 
the contact of "ideal" sharp edges. However, for 
conditions of automatic assembly the best conditions 
arise, if contact of details occurs on rounded edges: at the 
first moment the shaft and bush are pressing to each other 
by rounded edges, and then (during the second half 
period) the shaft slides into the hole and is happening the 
assembly of the parts. 
Therefore at defining the optimum form of mating 
surfaces, we compare rounded edges and edges with 
chamfers. The place of contact and, accordingly, force of 
friction is less in the case with rounded edges, so - hence 
this variant is chosen as optimum. 
 
4. THREE CASES IN THE ASSEMBLY OF 

PARTS WITH ROUNDED EDGES 
 
After touching the parts with rounded edges (Fig. 2), 
depending on the ratio of forces acting on the collected 
parts in a point of their contact, three cases of assembly 
are possible: 
1) The shaft will discontinue the oscillatory movements 

and under the effect of the assembly effort P it will go 
in the hole of the bush, i.e. the assembly of parts will 
be executed; 

2) The shaft will discontinue the oscillatory movements 
and will press with rounded edge on the edge of the 
hole. During to the second half period, when 
movements of shaft will change to a converse, shaft 
will slide into the hole, i.e. the assembly of parts will 
be executed; 

3) The contact by the rounded edges will not change the 
character of oscillations. Shaft missed the hole of the 
bush. 

Each from these cases is determined by a direction of 
resultant forces at the moment of a contact of parts. 
The first case is possible when  
 

λ-ϕ>γ ,  
 

the second case when  
 

|ϕ-λ|<γ , 
 

and third can take place when  
 

ϕ- λ>γ  , 
 

where λ – angle of inclination tangent to a point of a 
contact of parts to a horizontal. 
ϕ - angle of inclination resultant R to a vertical. 
γ - angle of friction. 
Obviously, the greatest interest represents the second 
case, which ensures the maximal size of an allowable 

deviation. Second case will be observed within the limits 
of some zone with the boundaries: 

ϕ - γ ≤ λ ≤ ϕ + γ. 

So, it is possible to make conclusion, that the parts during 
the orientation are entered in the direct contact and the 
further process of directional alignment is provided by the 
interaction' forces, which are arising between the parts. 
The analysis of process of contact of parts with rounded 
edges shows, that the automatic assembly with application 
of vibrations is provided even then when edges of details 
at initial contact cover each other a little (Figure 2). The 
allowable size of such overlapping we can found from 
expression 

c=(r1+r2)(1-sinα), 

where r1, r2 – radiuses of parts’ edges, 
α – angle between a tangent and a plane of a details end 
face in a point of their contact. 
The size of the maximal possible overlapping can be 
determined in dependence from a corner αmin. Angle αmin 
in turn depends on a ratio of forces working on a part, 
material of contacting parts and speed of vibrating 
moving. 
 
5. DETERMINATION OF TOLERANCE 

DURING ASSEMBLY WITH VIBRATIONS 
 
Let's assume that the edges of parts are perfectly sharp, 
i.e. value of radii r1  and   r2 are approximated to zero and 
the flat ends of the parts contacts to each other throughout 
their surface. Therefore to start the connection of details is 
sufficient that during the assembly with vibrations axis of 
the parts were at a distance that is less than the toleranceδ. 

 
Fig.3. Calculated schemes to determine the tolerance δv1 

during the vibration assembly. 
 
In this case, because of lower shaft during it passing the 
zone of tolerance the parts adjoin by the cylindrical 
surfaces, and do not collide with an obstacle for further 
connections. However, due to the fact that during the 
crossing zone of tolerance the shaft goes down on the 
distance measured microns or fractions of a micron, then 
at determination of assembly's conditions must take into 
account the shape of the edges, because contact of the 
parts can take place exactly by these edges. 
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Let's define how will change the value of tolerance in the 
application of vibration and if the parts have rounded 
edges. 
During the assembly without the use of vibration the 
tolerance is defined by the maximum value of 
displacement of parts, at which can happen their 
connection. During the assembly with vibrations 
allowable tolerance is determined by the relative 
movement of parts in the plane of vibration, at which is 
possible their connection. Ratio between tolerance δ  for 
assembly without vibrations and tolerance δv1 for 
assembly with vibrations we define on the basic of the 
schemes, which are shown on the Figure 3. 
The zone of tolerance δ is a circle with radius δ  
(determined by the radial clearance in the connection). 
Depending on the mode of the vibrations the trajectory of 
the axis of the oscillating part can cross the zone of 
tolerance one or more times in the direction indicated by 
the arrows. In the best case, the trajectory of the 
oscillating part passes through the centre of the zone of 
tolerance (Figure 3, a) and in the result the tolerances in 
the assembly without vibration and with vibration will be 
equal. In the worst case (Figure 3, b), the oscillating part 
never crosses the zone of tolerance and the assembly is 
not going to happen. 
This is possible when the part oscillates with the 
amplitude, which is close to the value of the maximum 
error of relative orientation of the parts and when the part 
moves in cross direction to the fluctuations and with the 
relative speed that exceeds the calculated value. 
For calculating let's examine the case when the trajectory 
of the oscillating parts crosses the zone of the tolerance 
twice (Figure 3, c) along the lines, which are equidistant 
from the centre of zone of tolerance δ and from part's 
edges. The distance s between adjacent lines of the 
trajectory 

s = δ  . 

Calculated value of the tolerance δv1 without taking into 
the account edges' radii is determined by the formula 

3
24

2
2

1
δδδ =−=

s
v   (5) 

 

Condition (5) is performed if the speed of relative 
movement of the parts in a direction, which is 
perpendicular to the direction of oscillation, is limited by 
the value 

T
vy

δδν 22 ==  

 

In this case the limitations of the amplitude are not 
determined. And in common case: 

T
ssvy

22 == ν  , (6) 

 

where s – relative movement of the parts in a direction 
perpendicular to the direction of oscillation in the time 
T/2. 
Т  – period of oscillations 

If oscillating part crosses the zone of tolerance 
asymmetrically (Figure 3, d), then the formula (5) can be 
written as 

22
1 yv s−= δδ  , (7) 

where sy – the coordinate of the intersection point of the 
trajectory of relative motion of the parts with the 
boundary of zone of tolerance δ. 
The speed of relative (transport) movement in direction, 
which is perpendicular to the vibrations, is determined in 
direct dependence on the value of the zone of tolerance 
and the frequency of the vibrator. 
 
6. CONCLUSION 
 
In assembly process the forces of friction arising between 
contacting surfaces, should be minimal. Therefore 
defining the optimal form of connected surfaces, we 
compare rounded edges and edges with chamfers. The 
zone of contact and, accordingly, force of friction is less 
at rounded form of edges therefore - this variant is chosen 
as optimum in process of assembly. 
Depending on the forces working on assembled details in 
a point of their contact take place three different cases of 
assembly. In given article for all three cases of assembly 
obtained the boundary conditions.  
The speed of relative movement depends on the value of 
the zone of tolerance and the frequency of the vibrator. 
Tolerance at the assembly process with vibrations is 
depend on the relative position of the trajectory of relative 
movement and the zone of tolerance of the parts. 
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