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and the outer race can be expressed as a function of time 
Ci=Co+Cp·sin[N⋅(ϑ+(ωc-ωi)⋅t+γ·i)], where ϑ is the angle 
between the ball number 0 and the reference axis, N is the 
number of waviness on the circumference, and γ is the angle 
between consecutive balls. 

The analysis has been carried out for the system described 
in Table 1, assuming in the model that the shaft is perfectly 
rigid and uniform, and it is supported by two preloaded angular 
ball bearing (15º contact angle). 

 
Inner ring bore diameter: 40 mm Number of balls: 8 u.

Inner ring diameter: 46 mm Unloaded contact angle: 15 º
Outer ring diameter: 62 mm Pitch diameter of ball set: 54 mm

Inner ring groove radius: 4,1mm Mass of the shaft: 550 N
Outer ring groove radius: 4,6mm Preload each ball: 10 N

Ball diameter (db): 8 mm Shaft rotating speed (rpm): 5000
Tab. 1. Data of the analysed system 

 
Applying the movement equations to this system and 

solving them for this particular case, using the iterative Runge-
Kutta method, results are showed in Figure 3, and it can be 
concluded that: 
1) For vibrations with greater amplitude, the frequency 

depends on the waviness order according to the relations: 
k=q·m±p (waviness order) and q·m·ωc (frequency for 
vibrations caused), where m is the number of bearing balls, 
and p and q are integers ≥1 and ≥0 respectively. However, 
vibrations of smaller amplitude appear also at other 
frequencies. 

2) The most severe vibrations appear when Ball Passage 
Frequency (BPF) matches natural frequency of the system. 

3) The most severe vibrations appear for a waviness order 
k=i·m±1, in the radial vibration case, and k=i·m in the axial 
vibration case. For some order waviness, the amplitudes of 
vibrations are negligible. 
Previous results evidence that the greatest vibration 

amplitudes appear for those order waviness included between a 
preceding and following multiple of the balls number. 

 
Fig. 3. Results of amplitude and frequency of vibrations 
 
4. OBTAINING GEOMETRICAL CONSTRAINTS 
 

From previously analysed results, functional geometrical 
constraints (FGC) and their relationships to functional 
requirements (FR), that is, functional equations (FEq), can be 
established. First, maximum possible information influencing 
geometrical characteristics is extracted and then how these, in 
turn, influence FR. It can be seen that: 
1) Resulting vibration frequencies depend on the rotating 

speed and on the relationship between the balls number and 
the waviness order. Thus, a concordance relationship can be 
established. 

2) Vibrations severity depends on the waviness order and, to a 
smaller extent, on the waviness amplitude. 

3) It is important to avoid those waviness orders which are a 
preceding and following multiple of a balls number. For 
other combinations, vibrations are negligible. E.g., in a 6-8 
balls bearing, common low order defects that lead to 
elliptical, triangular or square forms, produce very small 
amplitude vibrations. 

 
It can be noticed that vibrations frequency and amplitude 

depend on the waviness magnitude and order. Therefore, the 
FGCs are: FGC1 (roundness error) and FGC2 (waviness order), 
existing three functional equations which relate their value with 
deformation and vibrations. 
• FGC1: Roundness tolerance of the outer raceway. Its value 

is limited to allow a uniform running and to avoid balls 
blocking or excessive races and balls deformations, and the 
incomplete contact between race balls and races. The 
condition is FGC1≤#, where # is a specific value. 

• FGC2: Waviness types to avoid in the outer raceway. 
Waviness (periodical) that produces great amplitude 
vibrations should be avoided. 

• FEq1: Relates the deformation of the races and of the balls 
contact area when a force is applied. It is the hertzian 
contact mentioned in section 3. 

• FEq2: Relates the resulting vibration amplitude and the 
waviness order. The most severe vibrations appear for 
certain waviness orders. Therefore, it limits configurations 
which generate great amplitudes. The FGC2 leads to 
k ∉ [ i ⋅ m – 1, i ⋅ m + 1 ], where i=1, 2, 3, … 

• FEq3: Relates resulting vibration frequencies with the 
rotating speed and waviness orders. It establishes what 
frequencies are produced and they can be used, if 
necessary, to limit or avoid a specific frequency spectrum. 
The FGC2 leads to f=q⋅m⋅wc/2⋅π. 

 
5. CONCLUSIONS 
 

From the analysis carried out, dependence between 
generated vibrations and type and magnitude of raceway  
imperfections has been obtained. Accordingly, geometric 
parameters to be controlled to limit undesirable vibrations have 
been deduced, namely: roundness error and waviness order. 
Typically, just a roundness tolerance is considered, thus being 
very restrictive to avoid, indirectly, all originated vibrations. 
However, these tolerances could be wider if waviness order 
would also be controlled to avoid really harmful frequencies. 

These geometric parameters make it possible to take actions 
directly in the origin of incorrect function. Transference of the 
maximum functional information to the manufacturing stage 
allows process optimization with assurance of required 
function. In this way, the two maxims of Functional Geometric 
Dimensioning and Tolerancing (FGD&T) would be satisfied: 
every part meeting FGD&T can be used, and parts that can be 
used will not be rejected for not meeting FGD&T. 
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