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The following tables (tab.1 and tab.2) show the measured values 
when using a fixed and rotating head. 
 
Tab. 1: Measured values – fixed head VAST GOLD 
Nr. Actual ø Nr. Actual ø Nr. Actual ø Nr. Actual ø Nr. Actual ø 

1 39.99692 11 39.997 21 39.99692 31 39.99689 41 39.99698 

2 39.99692 12 39.9969 22 39.99689 32 39.99689 42 39.99697 

3 39.99692 13 39.99691 23 39.99699 33 39.99698 43 39.99688 

4 39.99689 14 39.99699 24 39.99698 34 39.99698 44 39.99697 

5 39.99698 15 39.99691 25 39.99699 35 39.9969 45 39.99698 

6 39.9969 16 39.99699 26 39.99699 36 39.99697 46 39.99698 

7 39.9969 17 39.99699 27 39.99689 37 39.99698 47 39.99688 

8 39.9969 18 39.99691 28 39.99699 38 39.99698 48 39.99688 

9 39.99699 19 39.99691 29 39.9969 39 39.9969 49 39.99697 

10 39.99699 20 39.99699 30 39.99699 40 39.99688 50 39.99686 

 
Tab. 2: Measured values– rotating head VAST XXT 
Nr. Actual ø Nr. Actual ø Nr. Actual ø Nr. Actual ø Nr. Actual ø 

1 39.9976908 11 39.9977118 21 39.997651 31 39.9976577 41 39.9976184 

2 39.9976951 12 39.9976754 22 39.9976436 32 39.9976168 42 39.997635 

3 39.9977162 13 39.9976725 23 39.9976282 33 39.9976595 43 39.9976351 

4 39.9977058 14 39.9976711 24 39.9976556 34 39.9976433 44 39.9976327 

5 39.997694 15 39.9976637 25 39.9976561 35 39.997622 45 39.9976081 

6 39.9976853 16 39.9976536 26 39.9976574 36 39.9976607 46 39.9975981 

7 39.9976753 17 39.9976463 27 39.9976387 37 39.9976637 47 39.9975981 

8 39.9976761 18 39.9976969 28 39.9976239 38 39.9976436 48 39.9976157 

9 39.9976826 19 39.9976324 29 39.9976311 39 39.997614 49 39.9975882 

10 39.9976727 20 39.9976484 30 39.9976107 40 39.9976323 50 39.9976112 

 
 

5. VERIFICATION OF THE SUITABILITY OF THE 
MEASURING EQUIPMENT 
 

As mentioned above, we focused on verifying the suitability of the 
measuring equipment according to a combination of methodologies 
from Ford and Bosch. 
 
The actual value of the standard must be determined using 
measuring equipment with an accuracy of an order of magnitude 
higher. In this case, the nominal value is the calibration ring 
diameter of 39.9979 mm. 
 
Based on research in the literature, we concluded that it is not 
recommended to use a method related to the variance of the process. 
This is because the variance of the process is often not known, 
especially for new processes and therefore cannot be used, or 
because of the change in variance during the process. [8] 
 
Therefore, in this case, we use a calculation related to the field width 
of the specification T. The determined variance of the measured 
values is compared with a part of the tolerance field, namely 20% of 
the tolerance field. 
 
The result is the calculation of the values of the coefficients Cg and 
Cgk, for which the Ford relations indicating the repeatability 
according to the used variant were used. Measuring equipment is 
considered suitable if Cg> 1.33 and Cgk> 1.33. 

Thanks to the measured values for the fixed and the rotating 
measuring head, the eligibility indices of the measuring equipment 
were calculated and the minimum width of the tolerance field when 
the measuring equipment is still suitable was determined. (see table 
3 - 6)  
 
As part of the tests performed, both the width of the one-sided 
tolerance fields and the width of the two-sided tolerance field were 
evaluated. 
 

a) Width of one-sided tolerance 
 

Tab. 3: Calculated values for a fixed measuring head VAST GOLD 
Fixed head VAST GOLD 

Mean measured value: 39.99694 
Calculated standard deviation: 0.00004 
Cg eligibility index: 8.52982 
Cgk eligibility index: 1.35401 
Upper tolerance limit: 39.9979 
Lower tolerance limit: 39.9865 
Tolerance field width: 0,0114 

 
Tab. 4: Calculated values for a rotating measuring head VAST XXT 

Rotating head VAST XXT 
Mean measured value: 39.99765 
Calculated standard deviation: 0.00003 
Cg eligibility index: 4.04195 
Cgk eligibility index: 1.38628 
Upper tolerance limit: 39.9979 
Lower tolerance limit: 39.9941 
Tolerance field width: 0,0038 

 
b) Width of bilateral tolerance 

Tab. 5: Calculated values for a fixed measuring head VAST GOLD 
Fixed head VAST GOLD 

Mean measured value: 39.99694 
Calculated standard deviation: 0.0004 
Cg eligibility index: 10.49477 
Cgk eligibility index: 2.54861 
Upper tolerance limit: 40.005 
Lower tolerance limit: 39.991 
Tolerance field width: 0.014 

 
Tab. 6: Calculated values for a rotating measuring head VAST XXT 

Rotating head VAST XXT 
Mean measured value: 39.99765 
Calculated standard deviation: 0.0003 
Cg eligibility index: 5.31836 
Cgk eligibility index: 2.66269 
Upper tolerance limit: 40.001 
Lower tolerance limit: 39.996 
Tolerance field width: 0.005 

 
 

6. CONCLUSION 
 

The main idea of this article was to determine the minimum width of 
the tolerance field for fixed and rotating measuring heads, at which 
the measuring equipment is still suitable. The criteria from Ford and 
Bosch were used to verify the suitability, corresponding to the 
repeatability of the variant used. The gauge is considered suitable if 
Cg> 1.33 and Cgk> 1.33. During the measurement, the following 
was observed: 
 

 the measurements were carried out by one person 
 the measurement was performed with one gauge 

(measuring head) and it was not replaced during the 
measurement 

 the measurement was performed in one way 
 the same environmental conditions were ensured during 

the measurement 
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 the measurement took place in a relatively short time 
interval. 

 
These conditions ensured a minimal effect on the measurement. The 
constant conditions did not affect the results of measuring. 
According to the results in the previous section, it is possible to 
compare the individual minimum widths of the tolerance field for 
each measuring head. 
 
One-side tolerance. The results for the fixed head VAST GOLD 
show an upper tolerance limit of 39.9979 mm and a lower tolerance 
limit of 39.9865 mm. This means that the width of the tolerance 
field is 0.0114 mm. For the VAST XXT rotating head, the upper 
tolerance limit is 39.9979 mm and the lower tolerance limit is 
39.9941 mm. This means that the width of the tolerance field is 
0.0038 mm. 
 
Similar results are obtained for the bilateral width of the tolerance 
field. The results for the VAST GOLD fixed head show an upper 
tolerance limit of 40.001 mm and a lower tolerance limit of 39.991 
mm. This means that the width of the tolerance field is 0.014 mm. 
For the VAST XXT rotating head, the upper tolerance limit is 
40.001 mm and the lower tolerance limit is 39.996 mm. This means 
that the width of the tolerance field is 0.005 mm. 
 
Based on these results, it can be said that the VAST XXT rotary 
head has a tolerance field width 3 times smaller than the fixed 
VAST GOLD head. 
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Abstrakt Coordinate measuring machines (CMMs) have been a 
major advance in the field of engineering measurement in recent 
decades. They were designed to measure complex shaped parts in 
the automotive and aerospace industries. The rapid development of 
CMMs is based on the need for increasingly accurate dimensional 
control. On average, every 10 to 15 years, manufacturing accuracy 
increases by one level of IT. That is why it is necessary to constantly 
improve and streamline measurement methodologies. 
 
The purpose of the tests performed and described in this article is to 
map the effect of the number of points when measuring the CMM 
by contact scanning. The task of the tests was to find the optimal 
setting of the machine while constantly maintaining the accuracy 
and repeatability of measurements. If the optimal number of points 
is found, the results of the experiment will lead to the optimization 
of the measurement processes on the CMM. 
 
Key words CMM points, fixed head, contct scanning, statistics, 
measurement plans, calibration ring  
 
 
 

1. INTRODUCTION 
 
The main function of a CMM is the comprehensive measurement of 
a workpiece, i.e. measuring its actual shape, comparison with the 
desired shape, and evaluation of metrological parameters such as 
size, shape, etc. It follows that a CMM is very frequently used for 
quality control of the geometric tolerances of a product. Due to the 
abundance of generally shaped surfaces, CMM is widely applied in 
the measurement and quality control of these surfaces. With its wide 
range of applications, CMM is a versatile quality control device 
while maintaining high productivity. 
 
This article describes and evaluates a test which aimed to map the 
effect of the number of measuring points on the measured values of 
the selected elements. Because the more information we have about 
the measuring process, the more accurately and effectively we can 
perform the measurements. And based on the results of the test, we 
can then modify and thus streamline the measurement procedures in 

the Metrology Laboratory of the University of West Bohemia in 
Pilsen. 
 
 

2. DESCRIPTION oF THE MACHINE 
 

A CMM is a measuring system that includes tools for manipulating 
a system of probes with the ability to determine the spatial 
coordinates of a workpiece surface. Among the most important 
features of the CMM are its movable machine construction, the 
encoder system, the measuring head with the stylus and the 
measuring software. 
 
This article mainly focuses on the measuring head with contact 
measurement. The sensing head and contact form the connection 
between the machine and the part to be measured. It is used to 
evaluate the position of the points captured on the workpiece 
relative to the CMM coordinate system. Probe systems usually refer 
to the number of axes in which they can operate. They are divided 
into linear (1 D), planar (2 D) and three-dimensional (3 D) operating 
systems. 
 
The sensor mounting head can be fixed or rotatable. A fixed head 
cannot be converted into a rotating head, but a rotating head can be 
fixed. 
 
 

3. EXPERIMENT DESCRIPTION 
 
A fixed probe head was used in the test, as shown in Fig. 1. It was 
fitted with a ruby ball stylus with a diameter of 1.5 mm Fig. 2 
 
 

Vol. 9, Issue 1

100



GRANT journal 
ISSN 1805-062X, 1805-0638 (online), ETTN 072-11-00002-09-4 

EUROPEAN GRANT PROJECTS | RESULTS | RESEARCH & DEVELOPMENT | SCIENCE  

 

 

 
             Figure 1 Sensor     

          head 

 
               Figure 2 Sensor  

            contact 
 
The integral ring gauges with 3 nominal dimensions (diameters of 
16 mm 50 mm and 90 mm) were used to simulate the real part. They 
are marked in the test as small - medium - large diameter, see Fig. 3. 
 

 
Figure 3 Ring gauges 

The following parameters were evaluated on each gauge  
 Diameter of the gauge at two depths 
 Circularity of the gauge at two depths 
 Cylinder diameter 
 Cylindricality 

When setting the test conditions, the mathematical definition of 
individual measured elements was used. The number of points was 
set as follows, see Table 1. 
 

Number of points to construct a ring 50, 100, 500, 1000, 3000, 5000 points 
Number of points to construct a 

cylinder 100, 200, 1000, 2000, 6000, 10000 points 

Table 1 Number of points for a circle and a cylinder 

The rings were measured in two cross sections. The measurement 
was performed using contact scanning. All measurements were 
repeated five times. All measurements were made in a clockwise 
direction. 
 
 

4. DATA ANALYSIS 
 
When analyzing the data, it was divided into appropriate categories 
(diameter at two measuring points, roundness, cylindricality, 
cylinder diameter). The data were tested for normality in the 
Minitab program. Normality was confirmed for all measurements. 
 
Subsequently, in the procedure for determining the optimal number 
of points, the standard deviation of individual categories was 
calculated.  The standard deviations are used for the initial quick 
creation to give an idea of how the data behaves. 
 
 
 

The number 
of points in 
the element 

50 100 500 1000 3000 5000 

Diameter 1 0.000519 0.000587 0.000524 0.000542 0.000542 0.000572 
Diameter 2 0.000560 0.000528 0.000575 0.000573 0.000599 0.000547 

Circularity 1 0.001016 0.000615 0.000347 0.001414 0.000484 0.010426 
Circularity 2 0.000531 0.000719 0.000488 0.000347 0.001532 0.005635 

Table 2 Table with reset of standard deviation 

The number of 
points in the 

element 
100 200 1000 2000 6000 10000 

Diameter of 
cylinder 0.000571 0.000545 0.000591 0.000526 0.000541 0.000564 

Cylindricity 0.000706 0.000852 0.011972 0.004158 0.011402 0.016926 

Table 3 Table with reset of standard deviation 

Tables 2 and 3 show the changes in standard deviations for the 
individual measured elements. Looking at tables 2 and 3, it is 
possible to clearly identify trends in the behaviour of the evaluated 
data. There are two trends, depending on which element is 
evaluated. The first trend confirms the findings in article 2, which 
led to the conclusion that 30 points are sufficient to evaluate the 
average. The second trend indicates that when scanning and 
evaluating circularity or cylindricity, the points used for the test are 
probably not sufficient for the correct evaluation of the given 
elements, due to the fact that their standard deviation is still 
increasing. This suggests that we will need to test even higher 
numbers of points in order to evaluate circularity and cylindricity. 
 
 

4.1 Analysis of circle and cylinder diameters 
 

A multi-factor ANOVA method was used to evaluate the effect of 
points. The evaluation of each diameter (gauge) was performed 
separately [5,6]. However, bearing in mind that both the evaluation 
of the individual evaluated parameters (diameter, roundness, 
cylindricality,…) and the evaluation as a whole is important for us. 
 
 

4.1.1 Large diameter–evaluation of element diameter 
 

Here we provide an example of the evaluation of a gauge with a 
large diameter. The processing and evaluation of the test took place 
according to the same conditions and procedures as in article 2. The 
method of evaluation was left the same due to the relevance and 
possible interconnection of the achieved outputs. 
 
Table 4 shows the results for a one-factor ANOVA method. It can 
be seen that for the result based on the p-value in the input test, the 
number of points will not have such a significant effect on the 
measured values. However, at the same time, this table indicates that 
our evaluation lacks some other influences that have a significant 
impact on the achieved results. [6,7,8] This statement is also based 
on the value of the accuracy of the prediction model, which is very 
low; the value of R-sq is only 6%. 
 

Source DF Adj SS Adj MS F-Value P-Value 
Numberofpoints 5 0.000000 0.000000 0.32 0.896 

Error 24 0.000003 0.000000   
Total 29 0.000003    

 
S R-sq R-sq(adj) R-sq(pred) 

0.0003256 6.25% 0.00% 0.00% 
Table 4 Table with ANOVA result 

Based on this finding, the measured values were displayed in a 
graph (Fig. 4) where the effect which was neglected during the 
initial evaluation, is very clearly visible. This is the effect of the 
measuring loop (stepped arrangement of points). 
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Figure 4 Results of graphical representation of data 

Based on the finding that the effect of the loop enters the 
measurement, multi-factor ANOVA was used instead of the one-
factor ANOVA method. An evaluation of the results could then be 
performed based on this method. 
 
Looking at Table 5 with the results of the multi-factor ANOVA 
method, it can be stated that the number of points does not affect the 
achieved values. [1,9,10] However, this is true only if the diameter 
of the part is evaluated. What cannot be overlooked, however, is the 
need to correct the results when the measurement is performed in a 
loop. All this can be stated on the basis of a model that works with 
an accuracy of 94%. 
 

Source DF Adj SS Adj MS F-Value P-Value 
Regression 9 0.000003 0.000000 36.17 0.000 

Numberofpoints 5 0.000000 0.000000 4.32 0.008 
Cycles 4 0.000002 0.000001 75.99 0.000 
Error 20 0.000000 0.000000   
Total 29 0.000003    

Table 5 Table with ANOVA reset with new source 

For confirmation, the evaluation was plotted in a graph (Graph 1). 
Here, it is possible to clearly identify and state that the number of 
points has almost no effect on the measurement. 
 

 
Graph 1 Interval plot of ring diameter vs number of points 95 % CL 

for the diameter 

The same is true if we look at the graphs for evaluating the 
diameters for the small and medium gauges. See graphs 2 and 3. 
 

 
Graph 2 Interval plot of ring diameter vs number of points 95 % CL 

for the diameter 
 

 
Graph 3 Interval plot of ring diameter vs number of points 95 % CL 

for the diameter 
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4.1.2  Large diameter - evaluation of roundness and 
cylindricity 
 

However, it is different if we look at the evaluation of roundness or 
cylindricity. Here, a multi-factor ANOVA method was also used for 
evaluation. This tells us that the number of points plays a relatively 
large role in the evaluation of the parameters that describe the shape 
of the surface. 
 
A model is given for a multi-factor ANOVA for a large diameter. 
[11] The model clearly shows that the number of points affects the 
measured results of roundness and cylindricity. Furthermore, the 
model shows that it is not necessary to make corrections to achieve 
results when measuring the part in a loop. This can be read from the 
model with an accuracy that exceeds 91% accuracy. 
 

Source DF Adj SS Adj MS F-Value P-Value 
Regression 9 0.000003 0.000000 32.17 0.000 

Numberofpoints 5 0.000000 0.000000 5.32 0.0038 
Cycles 4 0.000002 0.000001 67.99 0.006 
Error 20 0.000000 0.000000   
Total 29 0.000003    

Table 6 Table with ANOVA result 

This statement was also confirmed by the graph plots of the test. 
Furthermore, it is possible to state on the basis of the graphs that the 
optimum for measuring roundness or cylindricality was probably not 
found. 
 

 
Graph 4 Interval Plot of cylindricity vs number of points 95 % CL 

for the diameter 
 

 
Graph 5 Interval Plot of roundness vs number of points 95 % CL 

for the diameter 
 
Based on these analyses, the results for all three rings were 
combined. A summary model and summary graphs describing the 
influence of the number of points on the results were created, 
regardless of the size of the measuring element. For easier 
orientation in the results, first the results for the diameter were 
compiled and then also for the evaluation of roundness and 
cylindricality. 
 
For easier orientation, only the graphs of the results from the models 
are given here. Looking at graphs 6 and 7 for evaluating the 
diameter of a circle or diameter of a cylinder, it is clear that the 
measured values are almost constant, regardless of the selected 
number of points. This is partly confirmed by the assumption from 
article 2, where the optimal number of points was found for the 
evaluation of the circle diameter to be 15 points, and for the 
evaluation of the diameter, 30 points. And here in this test the 
minimum number of point’s was50. 
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Graph 6 Interval Plot of ring diameter vs number of points 95 % CL 

for the diameter 
 

 
Graph 7 Interval Plot of cylinder diameter vs number of points 95 % 

CL for the diameter 
 
For cylindricity and roundness, there are different results in graphs 8 
and 9.  As the interim results suggested, the test is not relevant 
because the maximum number of 5000 points for a circle and 10,000 
points for a cylinder were selected for testing. It is not possible to 
unambiguously determine the optimal number of points for the 
evaluation of these elements by contact scanning. Thus, no such 
number of points was found from which the standard deviation of 
the measured data would become approximately constant. For the 
evaluation of roundness, there was a long-term hope that the 
optimum would be found, but in the last test, the standard deviation 
flew well above the values that were obtained throughout the test. In 
the evaluation of cylindricality, this hope of finding the optimum 
was terminated even earlier. Therefore, based on the data obtained 
from the tests, an additional experiment is planned, which will focus 
exclusively on the evaluation of roundness and cylindricality in 
contact scanning. 
 

 
Graph 8 Interval Plot of roundness vs number of points 95 % CL 

for the diameter 

 
Graph 9 Interval plot of cylindricity vs number of points 95 % CL 

for the diameter 
 
 

5. CONCLUSION 
 

The main function of coordinate measuring machines is the complex 
measurement of the workpiece, measuring its current shape, 
comparison with the required shape and evaluation of metrological 
parameters such as size, shape, etc. It follows that CMMs are widely 
used for product quality control, in terms of dimensional and 
geometric tolerances. Due to the abundant occurrence of generally 
shaped surfaces, CMM finds many applications in the measurement 
and quality control of generally shaped surfaces. Thanks to its wide 
range of applications, CMM is a universal device, enabling quality 
control, while maintaining high productivity. 
 
The article describes an experiment and its evaluation which focuses 
on streamlining the CMM settings in the process of measurement by 
contact scanning. The article deals with the influence of the number 
of points on different evaluated elements (the diameter of a ring, the 
diameter of a cylinder, roundness, cylindricality) when changing the 
size of the measured part. Subsequently, the results of this test will 
be incorporated into the measurement methodology for using 
CMMs, which will serve to streamline the measurement plans and 
processes used for measurement in the Metrology Laboratory of the 
University of West Bohemia in Pilsen and other metrology 
laboratories cooperating with this laboratory. 
  
As part of the test, a fixed sensor head was used, which was fitted 
with a contact with a ruby ball of diameter 1.5 mm. To simulate a 
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real part, ring gauges with three dimensions were used, referred to in 
the article as ‘small’, ‘medium’, and ‘large’ diameters. 
 
The parameters of the gauge at two depths, the roundness of the 
gauge at two depths, the diameter of the cylinder, and finally the 
cylindricality were evaluated on the individual gauges. The 
individual elements were repeatedly scanned with different numbers 
of points. Measurements were performed by contact scanning. All 
measurements were repeated 5 times. All measurements were 
performed clockwise as part of the test. 
 
Subsequently, the data were subjected to mathematical analysis. 
This analysis was performed in several consecutive steps. In the first 
step, the standard deviations of the measured data were calculated. 
These were used to create an initial view of the data obtained. In the 
second step, the data were analyzed using the one-factor, or multi-
factor ANOVA method. The outputs then confirmed or refuted the 
initial data. 
 
Based on the results, it can be clearly stated that for the evaluation 
of the diameter of a circle or cylinder, the optimum number of 
points really lies on the border of 30 points. However, it is different 
if we focus on the evaluation of cylindricality and circularity. Based 
on the results, it is not possible to unambiguously mark the optimum 
number of points sufficient for relevant measurements. For the 
evaluation of roundness, there was a long-term hope that the 
optimum would be found, but in the last test, the standard deviation 
flew well above the values obtained throughout the test, see Graph 
8. For the evaluation of cylindricality, this hope of finding the 
optimum was terminated even earlier, with a value of 500 points 
when the standard deviation began to fluctuate significantly. And 
therefore the optimum was not found here either. 
 
Therefore, based on the data obtained from both tests in this article 
or in article 2, an additional experiment is already planned, which 
will focus exclusively on the evaluation of roundness and 
cylindricality in contact scanning and combine the findings from 
both tests. 
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Abstrakt Gluing is a technological process in which an inseparable 
connection of two or more parts from the same or different materials 
is created using another material - an adhesive. This joining 
technology is increasingly appearing in the automotive industry. The 
automotive industry is a decisive industry and a driving force for the 
development of the Slovak economy. Glued joints appear in the 
automotive industry in many types, both in terms of functional stress 
and in terms of design. Gluing of metals allows us to lighten 
structural systems. The great advantage of gluing technology is that 
it eliminates the formation of electrolytic corrosion between two 
different metals and dampens the vibration of the structure. Bonding 
is also cheaper than soldering and welding. There is advantages of 
using glued joints in the automotive industry and solution of the 
problem of strength calculation of these bonded joints in this paper.  
 
Key words Automotive industry, gluing, strength calculation 
 
 
 

1. INTRODUCTION 
 
Gluing technology has been known for several millennia. For 
example, mud or resin was used as the adhesive. The first proven 
use of glue dates back to 4000 BC, when archaeologists who, when 
examining historic burial sites, found disturbed pottery that had been 
glued with resin from tree juices. In the period 1500 - 1000 BC, glue 
became mainly a method of assembly. In ancient Egypt, they used 
glue to artificially decorate wooden products. The Babylonians, in 
turn, connected the stone structures with bitumen, and the Romans 
glued their ships together with a mixture of tar and beeswax. In the 
Middle Ages, the production of adhesives of animal origin 
developed [1-3]. People used bones, leather, starch, cottage cheese 
or rubber as binders. 
 
The first commercial glue factory was opened in the Netherlands in 
1700 and used animal skin as the main raw material. The great 
turning point came with the industrial revolution, when new 
materials were used to make the glue and synthetic glue was created. 
The first polymer synthesized was nitrocellulose. 
 
Around 1965, other aircraft manufacturers switched to gluing 
technology and began to apply it to a greater extent in other 
industries as well [4, 5]. Today, adhesives are part of almost every 
industry. Gluing technology can currently be found, for example, in 
construction, aviation or healthcare, and last but not least in the 
automotive industry, where adhesives are used not only to glue body 
parts, but also to seal and dampen vibrations [6]. At present, 

adhesives are produced exactly according to the customer's 
requirements and it would be difficult to find a field where it would 
not be used. The great advantage of gluing technology is that it 
eliminates the formation of electrolytic corrosion between two 
different metals and dampens the vibration of the structure. Gluing 
is also cheaper than soldering and welding [7 - 9]. 
 
Gluing also has disadvantages, which include a demanding 
modification of the contact surfaces, the susceptibility of joints to 
creep under long-term stress at higher temperatures [10]. Metals are 
gas-impermeable materials, characterized by good adhesion 
properties and high heat resistance which allows the application of 
adhesives at normal and elevated temperatures. 
 
By using the bonding technology we avoid these problems and we 
can take advantage of the many advantages it offers in the 
automotive industry. Such as the possibility of new assembly 
procedures, reduction of the resulting weight of the car, preservation 
of the protective layer of zinc, higher strength and rigidity of the 
body, high quality of appearance of the parts to be joined and 
substantial reduction of noise in the car body [11]. 
 
This paper gives an overview of the advantages of using glued joints 
in the automotive industry. It is devoted to the problem of strength 
calculation of these bonded joints. 
 
 

2. CHARACTERISTICS OF GLUED JOINTS 
 
The theory of gluing (adhesive bonding of parts) is based on the 
relationships of molecules and their interaction. According to the 
latest findings, it is necessary to assign relationships resulting from 
non-molecular structure. Adhesion is related to the molecular 
structure. Physical forces, chemical bonds and intermolecular forces 
will continue to be applied [12]. 
 
It is difficult to create mutual attraction between two solid materials 
without the use of glue, as these materials would have to approach 
each other at a molecular distance and would have to be completely 
straight, parallel and free of all impurities. Therefore, an adhesive in 
the form of a liquid substance is used to induce this mutual 
attraction between the solid materials. The result is a non-detachable 
joint, which uses adhesive forces between the adhesive and the 
material and the actual cohesion of the adhesive [13, 14]. 
 
Advantages of glued joints: 
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 increased stiffness of the parts to be joined, 
 tightness of joints (no need for additional sealing), 
 good damping properties (noise, vibration), 
 increased safety in case of failure, 
 weight loss, 
 possibility of joining materials of different sizes and 

thicknesses, 
 increase of corrosion resistance of the car body, both chemical 

and electrolytic (adhesive is an electrical insulator), 
 possibility of joining various materials (steel-glass, rubber-steel 

etc.), 
 no damage to the protective layer of galvanized sheets, 
 flat mounting of car body plates ensures uniformly distributed 

tension in the glued joint (which increases overall strength and 
rigidity of the whole car body). 

 
Disadvantages of glued joints: 
 
 technological complexity of preparation of glued surfaces, 
 long curing time of the adhesive, maximum strength of the 

glued joint reaches after some time, 
 low temperature resistance, 
 aging of the adhesive, 
 low peel and splitting strength, 
 non-demountability of glued joints. 
 
The main advantage of joining parts by gluing is the use of this 
technology where it is not possible to create a joint in other ways eg 
different types of materials, complex shapes, etc. [15]. Bonding has 
many advantages and disadvantages, but this work focuses primarily 
on the advantages and disadvantages of using adhesive technology 
in the automotive industry and with regard to the design and stress 
of the bonded joint. 
 
 

3. GLUED JOINTS IN PASSENGER CARS  
 
Glued joints appear in the automotive industry in many types, both 
in terms of functional stress and in terms of design. It can be said 
that the bonding either acts as a complementary and sealing function 
(bonding and cementing of bodies for sealing, vibration damping, 
corrosion protection, application of reinforcements) or, in specific 
cases, can generally represent welding technology in structural 
strength joints. Some applications of glued joints can be seen in 
Figure 1. 
 

 
Fig. 1 Overview of glued joints of the car body [16] 

 
At present, car body plates are most often joined by resistance (spot, 
seam and projection) welding technology. This technology has 
several disadvantages. These disadvantages include, for example, 

problematic joining of sheets of different thicknesses and qualities, 
or thermal influencing of the welded area. Other specific problems 
are caused by the zinc coating, which serves as a corrosion 
protection in cars. Zinc adheres to the electrodes and there is a 
problem at the weld seams to maintain the protective function of the 
coating.  
 
By using the bonding technology we avoid these problems and we 
can take advantage of the many advantages it offers in the 
automotive industry. Such as the possibility of new assembly 
procedures, reduction of the resulting weight of the car, preservation 
of the protective layer of zinc, higher strength and rigidity of the 
body, high quality of appearance of the parts to be joined and 
substantial reduction of noise in the car body.  
 
It also has number of complications with the use of bonding 
technology in car body construction. For example, the adhesive 
must be overpainted [17, 18], due to production, short time intervals 
to cure the joint, the adhesive life must be longer than that of a car, 
the adhesive must have sufficient strength, the shrinkage of the 
adhesive during curing on the car body surface. 
 
The nature and composition of the adhesives used to build the car 
body is always firmly linked to the desired function of the joint. In 
this way, the adhesives can be divided into strength, reinforcement 
and sealing.  Strength adhesives cure together with body paint. The 
edge adhesives are partially cured by induction heating during 
assembly, but full hardness is achieved only during the curing of the 
varnish by high temperatures in the furnace. The designer currently 
has a choice of many types of adhesives with different mechanical 
properties, ranging from tensile to brittle behavior. In the 
automotive industry, we are particularly interested in strength 
adhesives. 
 
 

4. STRENGTH CALCULATION OF GLUED JOINTS 
 
Glued joints can be loaded statically or dynamically and their 
material properties are determined primarily for three characteristic 
load cases: tension, shear and peel. As a rule, the pressure is not 
specified because the compressive strength of the glued joint is 
incomparably higher than for other types of stress and is difficult to 
achieve. These characteristic load cases usually occur in different 
combinations (eg tension - shear, peel - tension). In special cases, 
however, these load cases can be encountered separately (Firure 2) 
(eg net tension or clean shear).  
 

 
 

Fig. 2 Types of stresses of glued joints 
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The glued joints have a high shear resistance. Very badly tolerated 
tensile force. Therefore we shape them so that the joint is loaded 
only by shearing. 
 
The glued joint is loaded with force F (Figure 3). In this case 
(assuming the flange material is inelastic), both parts are shifted by 
length e. If Hook's law applies to the adhesive, the voltage τ is the 
same over the entire length of the connection l. 
 

 
Fig. 3 Glued joint stressed on shear 

 
The basic calculation equation is based on the mean stress τ equally 
distributed over the length of the joint and we compare it with the 
allowable stress τD
 

.  

𝜏 = 𝐹
𝑏∙𝑙
≤ 𝜏𝐷                                  (1) 

 
𝜏𝐷 = 𝜏𝑝

𝑘
                                                 (2) 

 
where k - safety factor, F – force, l - length of the connection, b - 
joint width, τ - tensile stress, τD
 

 - allowable tensile stress. 

Experiments showed these values τp
 

 for steel are   

𝜏𝑝 = (23 ÷ 54) ∙ 106𝑃𝑎               (3) 
 
Recently, at ever faster evolving computer technology and available 
literature, we can encounter modern numerical methods, such as 
finite element method (FEM) [19]. It is one of the most widespread 
numerical mathematical methods used to solve the problems of 
elasticity and strength, the dynamics of pliable bodies, heat transfer, 
fluid flow, electromagnetism, and many other problems in 
engineering.  
 
Knowledge of the behavior of glued joints is essential for their 
subsequent application in practice. For effective prediction of the 
properties of glued joints it is necessary to use suitable tools 
allowing to accurately model various modes of failure that may 
occur in the structure [20]. The failure of glued joints includes the 
area from the beginning of loading to the initiation of the crack, 
followed by the area of development of the failure.  
 
The possibility of numerical simulation of the glued joint is the main 
requirement for its successful design. If a suitable numerical method 
was found, it would be possible to replace a large part of the glued 
joint experiments with this simulation. This would lead to a 
reduction in the times involved in the development, production and 
production cost of the product. The simpler tools offered by FEM 
analysis allow you to model only the area from the beginning of the 
load to the initiation of damage. The principles of linear elastic 
fracture mechanics apply in this area. The behavior in this area is 
described by the cohesive stiffness of the adhesive layer. The failure 
initiation state occurs at a critical value of the stress at the crack 
front. In the FEM model, this state describes the tension between the 

nodes of an idealized adhesive layer caused by their critical 
displacement and critical load.  
 
In addition to the strength approach, advanced analyzes can also be 
based on the elasto-plastic fracture mechanics approach to describe 
the area of failure development. These principles apply especially in 
a situation where the adhesive layer is very thin between two parts 
to be glued and its behavior cannot be described by macroscopic 
properties, such as tensile modulus or Poisson's constant (E, ν) [21, 
22]. In these cases, the behavior of the bonded joint by the energy 
required for crack propagation, or the rate of release of the strain 
energy G, is described. These approaches make it possible to predict 
the onset and spread of failure without prior knowledge of the 
location of the crack and the direction of crack propagation in the 
structure. The quality of the calculation and the accuracy of the 
results are directly dependent on how ideally the adhesive layer can 
be idealized using conventional and advanced tools offered by FEM 
analysis. In addition to the accuracy of the results, the duration of 
the calculation, these can also differ in the user-friendliness of the 
results. 
 
Elements commonly available in FEM analyzes can be used to 
idealize the adhesive layer. Their behavior is described in terms of 
material parameters, which in some cases can be obtained from glue 
producers, but more often it is necessary to find out more difficult 
by means of experiments. Specifically, the adhesive layer can be 
replaced by contact, 3D elements, 2D elements, a linear spring 
system, or simply replacing the adhesive, such as the SSG element 
in Siemens NX or the TIE element in Abaqus. 
 
The first step is to create a CAD model. This model is then 
converted into a preprocessor, which converts the geometric model 
into the form necessary for the calculation itself. In this phase, the 
main task is to create an adequate computer network and to define 
the initial conditions correctly. The preparation of the whole 
calculation model follows the rules that each company creates itself 
and must be strictly observed. The rules are set to achieve a 
compromise between computational complexity and result accuracy. 
The next step is to load the file into the solver and start the 
calculation itself. The calculation is started using the command line 
and follows the mathematical operations described above. The 
results are written to files during the calculation. 
 
The last step is to load and process the results in the postprocessor. 
The postprocessor allows viewing the simulated process, plotting 
acceleration, stress, strain and many other variables depending on 
the selected variable. 
 

 
Fig. 4 2D plain strain finite element model of bonded joint 

 
In recent years, models using the so-called cohesive joint model 
have been used in the research of glued joints. The cohesive Model 
can be used to model adhesives, bonded surfaces, seal models, 
patches, or delamination processes (Fig.4). The cohesive model 
exploits some of the advantages of common FEM elements and is 
based on Griffith's refraction theory. The aforementioned common 
elements included in the FEM creation tools are characterized by the 
absence of a criterion for predicting the evolution of violations for 
any violation mode. The cohesive model is innovative and used 
approach for the calculation and prediction of the evolution of 
bonding failure, specifically this model includes, compared to the 
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previously mentioned models, the area of crack initiation in the 
structure. 
 
The cohesive model must be implemented in the numerical model of 
FEM analysis. All elements making it possible to apply the 
principles of the cohesive model are generally referred to in the 
literature as decohesive elements. These elements can be one-
dimensional, two-dimensional, and three-dimensional elements and 
include commonly available solver for FEM analysis. Cohesive 
elements are used for modeling an adhesive layer with a certain final 
thickness compared to a cohesive surface contact. The adhesive 
behavior of these elements is defined by the material properties. 
Cohesive elements are defined by the thickness, stiffness and 
strength of the adhesive. It is advisable to apply cohesive elements 
especially in places where crack development can be expected. It is 
assumed that at the beginning of loading there are no cracks in the 
adhesive layer, otherwise this phenomenon can be modeled by the 
absence of elements at the crack site. The relative displacements 
between the upper and lower surfaces, which are measured in the 
thickness direction and in the directions perpendicular, represent the 
opening of the crack face between the glued surfaces. 
 
 

5. CONCLUSIONS  
 
Glued joints appear in the automotive industry in many types, both 
in terms of functional stress and in terms of design. At present, car 
body plates are most often joined by resistance (spot, seam and 
projection) welding technology. These disadvantages include, for 
example, problematic joining of sheets of different thicknesses and 
qualities, or thermal influencing of the welded area. By using the 
bonding technology we avoid these problems and we can take 
advantage of the many advantages it offers in the automotive 
industry.  
 
With the development of the automotive industry, the ever-
increasing number of cars on the road and the related increase in 
road accidents, manufacturers are increasingly concerned with the 
passive safety of cars. When the new vehicle is put into operation, 
there is a so-called homologation where the car must meet all the 
requirements specified in the standard. One of the many conditions 
is that the car must guarantee a prescribed level of passive safety, 
which is tested under predetermined conditions. At present, we are 
still looking for possibilities and technologies that would mean 
cheaper, faster and more accurate production of cars, while 
maintaining the conditions and criteria required by us. These 
technologies undoubtedly include computer design of cars. 
Everything is done on computers from designing, designing 
individual components, to demanding strength calculations and 
simulating vehicle barrier tests. In all calculations and simulations, 
the aim is to bring the computational model to reality as much as 
possible. Numerical simulation of the glued joint allows to reduce 
the time for product development, production and production costs. 
 
Before the actual gluing process, it is necessary to make a suitable 
design and choice of materials for gluing. In simple terms, the 
structure should be designed to adhere well. Nowadays, however, it 
does not work like this, the designer will design the structure and 
only then decide how this structure will be manufactured (what will 
be glued, what will be welded, etc.). 
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Abstract Problems with the negative impact of traffic noise and 
protection against it are becoming more serious worldwide. Traffic 
noise is not only a disturbing phenomenon, but there is a statistically 
proven direct connection between the total helplessness of the 
inhabitants and the noise conditions of their dwellings. In the 
automotive industry the lower the noise, the more pleasant the car 
ride. This is one of fact leads to the need to identify noise sources 
and quantify them. The periodic change in the stiffness of the 
gearing during engagement has a significant effect on the noise in 
the gears. The paper is devoted to the stiffness of gearing, its 
characteristics and the possibilities of its determination as a 
parameter influencing the noise emissions of cars.  
 
Key words Automotive transmissions, noise emission, deformation, 
stiffness of gearing 
 
 
 

1. INTRODUCTION 
 
The development of engine plants in past focused on the aquisition 
of the highest capacity and durability. Engines and machines with 
gear transmission are very popular and draw sufficient attention. 
Lowering the weight of the construction machines and engine plants 
as well as increasing their efficiency and productivity, are all part of 
the compelling task the construction, technology and research 
workers must accomplish. These intensity factors have often a 
significant influence on the increment of vibrations and noise in the 
monitored engine plants [1]. The society becomes gradually more 
intetested in these noise and vibration emissions produced by the 
gearing mechanisms. The issue of lowering noise emission in a 
gearbox is interconnected with the sources of noise, together with 
measurement and evaluation of vibrodiagnostic performance. There 
are many influences that cause vibrations in the gearbox and that 
have to be taken into account already in the phase of design, 

manufacture, installation and operation.  Detailed analysis of 
gearboxes manufacturers have shown that improving of the gear 
accuracy can not reduce the transmission unit noise to the desired 
level. Only fundamental changes to the shape of the tooth and 
changes in production technology can achieve stronger noise 
reduction of gear mechanism [2]. Current products constructed with 
the usage of computer programs for the firmness check of suggested 
solutions (FEM) together with the rich experience of construction 
workers, reach optimal parameters from the perspective of rigidity, 
material utilization and longetivity.   
 
An intense pressure is carried upon the completion of a legislative 
law from the aspect of making noise and vibration in the present 
day. Mainly the automobile industry must follow these noise limits 
according to the regulation EEC (European Economic Comittee) 
n.51 [3, 4]. 
 
Performance of vibrations in the gearboxes proved to be a 
significant noise source. Only a minimal decrease in the level of 
noise can be achieved by using some simple modifications 
(increment of accuracy and usage of coverings). 
 
 

2. NOISE OF GEARBOX IN PASSENGER CARS 
 
Gear box is an acustic enclosed system, from which the noise travels 
mainly through vibrations of the closet surface or plugged 
aggregates inclusive of the base construction. One of the essential 
causes of noise is so-called transmission error, which is related 
to kinematic accuracy and stiffness of the teeth [5]. 
 
The vibrations from the cogged gear, transmitted to the case of 
gearbox, are the most important source of noise. From physical 
point of view, the cause of vibrations is the dynamic force which 
can change its amplitude, direction or origin. In the evolvent gearing 
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is the most critical change of amplitude. Its main cause is alterative 
stiffness of teeth and shock when teeth enter the image, due to the 
deformation, deviation of gaps and tooth profile from the theoretical 
ones. Many other effects, i.e. vibrations transmitted into the gearing 
from the driving or powered aggregate, oscillation of the shafts and 
bearings, influence the vibrations in cogged wheels in a mesh. All of 
these elements play a role in the enlargement of amplitude in 
gearing. The total energy of the radiated noise further increases.  
 
A specific source of noise comes from the creation of shock 
influenced by the axial and side (cogged) will-power of the cogged 
wheels with slanted cogging. Arises mainly in little loaded 
gearwheels (eg idling internal combustion engine), or vice versa 
when heavily loaded gear wheels too slowly. This contributes 
irregular running the drive unit and there is a torsional vibration 
(change of angular accelerations during one rotation). Consequently, 
the engines of modern automobiles have a dual-mode flywheel and 
clutches with an intervention absorber. Among other elements 
causing noise during cogging intervention belongs so-called Air 
Pocketing (related with the air pockets in lubricant) a Lubricant 
Entrainment (due to the small will-power, the excess lubricant is not 
squeezed from the intervention and stresses the cogging with added 
dynamic forces which cause the increase in vibrations). The gearbox 
includes components which can be the sources of noise and 
vibrations themselves, or they create the vibrations as well as 
transmit and enlarge them. Added components, such as driving 
components, bearings and shafts all belong to the gearbox. The 
primary components are the bearings, which are the second most 
essential source of noise in cogging. Vibrations are created by 
generating of rolling components in a bearing on its inner and outer 
course. Their frequency is given by pitting as well as by 
imperfection of the functional planes, which are created by abrasion 
or by the deformation from a grip. 
 

 
Fig. 1  Example of evaluation of noise gearbox of car [6] 

 
A dominant contribution of noise in a gearbox; however, comes 
from the creation of vibrations during intervention of the cogged 
wheels. On Fig. 1, a total evaluation of gearbox noise in an 
automobile, where the contribution of separated noise of the gearbox 
intervention (defined as N and 3) is at maximum 40 % of the 
gearbox noise with a contribution of 53% to the total noise, is 
displayed. The remaining 47% constitute for the background noise 
(defined as Bgr), inside which mainly the noise created by bearing is 
incorporated. 
 
For a detailed analysis of the causes of vibration revealed significant 
impact on the gear mesh of the intensity of vibration. In [6] was 
expressed that dependence on uncorrected teeth of spur gear (Fig.2). 
Local minimums of noise occurring at integer values of coefficients 
and gear mesh εα a εβ

 

. 

Fig.2. Influence εα and εβ 
 

for trefoil of noise 

εα 

ε

- coefficient profile of gear mesh, profile mesh path corresponds 
to the line of contact and  is the ratio of the  gear mesh path in front 
of the plane to pitch in front of a plane at the base circle. 
β 

 

- coefficient step in gear mesh. It is the ratio of the face width of 
the teeth to the axial pitch. 

Based on experiments and experience of renowned manufacturers 
gears showed that reducing noise respectively vibration resistance 
increases. Significant improvement in quality gears is achieved 
under certain principles in coefficient εα  and εβ
 

, which include: 

 minimum vibration is achieved at any size with εα integer value εβ
 vibration excitation in increasing integer values of ε

, 
β

 for any ε

 steadily 
decreasing, 

β vibration excitation decreases with increasing value of 
εα

 for integer values of ε

 values from 1 to the value of 1.7 ÷ 1.8, where there is a local 
minimum, 

β is always at an absolute minimum value εα 

 
= 2. 

The noise in gear transmissions particularly affects periodic change 
of stiffness teeth during meshing caused by changing the number of 
pairs of teeth, which are simultaneously in meshing.  
 
 

3. TEETH STIFFNESS AND THEIR IMPACT FOR 
GEARBOX NOISE 

 
Deformations of teeth are generally quantified by tooth stiffness, 
which is defined as the ratio of load to deformation.  
 
Knowledge of the deformation properties of gearing is very 
important. Consider first the one tooth (Fig. 3-a). Action of the 
resulting normal force F is deformed tooth. This is shown in the 
figure by a thin line. The resultant deformation in the direction of 
action of the normal force δ i

 

 (i = 1,2 - index that distinguishes 
whether it is a tooth of the pinion - drive wheel or driven wheel 
tooth) consists of a deflection bending, shear, deformation in the 
area of constraint and the touch deformation. 

a)                                     b)                                      c) 
Fig. 3 a) The deformation of the tooth, b) - c) deformation of a one 

pair of spur gear teeth 
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It is necessary to determine the deformation meshing teeth in fact, ie  
deformation of teeth pair that you can imagine and illustrate two 
ways (Fig.3-b)-c)). Figure 3 - b) shows a pair of teeth than in non-
loaded aspect are contact at point X on the line of contact τB. The 
profiles meshing teeth are deformed after loading. The deformed 
teeth profiles intersect the line of contact at points X1 and X2. The 
total deformation of the pair of teeth we can then determined as the 
sum of the deformation of both teeth δ1 and δ2. Figure 3 - c) shows 
a pair of teeth than in non-loaded aspect are contact at point X´ on 
the line of contact τB. The deformed teeth profiles intersect the line 
of contact at points X1 and X2

 

, because one of wheel gears is was 
fixated (restrained). The total deformation of one pair of meshing 
teeth determine by equation (1).  

1b
1

2b21b121 rrr ⋅ϕ=⋅ϕ+⋅ϕ=δ+δ=δ δδδ                     (1)
 

 
Gear teeth are deformed due to the load. Deformation of teeth is 
usually expressed quantitatively by stiffness gearing. Periodic 
changes in the stiffness tooth mesh, caused by changes in the 
number of pairs of teeth, which are also mesh in a significant noise 
impact on teeth [7, 8]. One of the ways to specify the tooth stiffness 
is calculated using the total deformation gearing. 
 
In general the resulting stiffness c defined by equation (2): 

∑==
p

pcwc
δ

, p = I, II  [N/mm.μm]         (2) 

where 
w    - load across the width of the teeth [N/mm], 
where III www +=  
wI 
w

   - load across the width of the first pair of teeth, 
II    

δ     - resulting deformation [μm]. 
- load across the width of the second pair of teeth, 

The resulting stiffness the teeth equal to the sum of partial stiffness 
of pairs of teeth, which are mesh. The stiffness of each pair of teeth 
is calculated according to equation (3) to final stiffness of a pair of 
teeth: 

21

111
cccp

+=                    (3) 

 
where 
cp
c

    - resulting stiffness of a pair of teeth [N/mm.μm], 
1/2

2/12/1 /δ= wc
 - stiffness of each tooth to which it applies 

[N/mm.μm]. 
 
The stiffness of the individual tooth tooth pairs varies along the path 
of engagement [9, 10]. The course of stiffness as well as the 
corresponding deformation of one pair of straight gears is shown in 
Fig. 4-a). The maximum single-pair gear stiffness is denoted c΄ in 
the middle of the engagement length, and its typical value is c΄ = 14 
to 16 N/mm.μm for single-pair engagement for spur gears. 
 

         
a)                                          b) 

Fig. 4 The course of single-pair stiffness and deformation of gearing 
 
The stiffness is individual pairs of teeth in the mesh by changing the 
length of the engaging line. 
 
Since the involute tooth of spur gear has a complex shape, the 
theoretical determination of the deformation the tooth is a difficult. 
The existing experimental techniques are based on static deflection 
measurements gearing loaded of constant force or seismic 
measurement deviations at slow rotation. Recently we can meet with 
modern numerical methods, such as finite element method (FEM), 
which can serve as one of the methods for the determination of 
deformation gearing [11 - 13]. As the basis for calculating the 
stiffness of gearing results serve deformation analysis examined 
gearing solved by FEM. 
 
Create a geometric model of the gear is considered the first step to 
deal with tooth deformation FEM. Universal user to create geometry 
computer model does not exist. In this case, the geometric model 
has been created a combined method. The final shape of 2D was by 
created in program AutoCAD. 3D model of examined the spur gear 
with straight teeth was by created in program COSMOS/M as 
editing from the 2D model. To determine the computer model for 
studying deformation of the teeth using FEM was necessary to 
determine the material constants, define the type of finite element, 
and selecting appropriate boundary conditions (geometry and 
power). 
 
We will focus on the value of the total deformation in the direction 
of action forces. To determine the deformation of gearing under load 
is necessary to know the apportionment of the load on each gearing 
pairs with two pairs meshing. At the beginning was considered with 
the simplest, ideal load apportionment. The load for the two pairs 
meshing is divided by half for each couple of teeth in the meshing. 
 

 
Fig. 5 Course of tooth stiffness 

 
To determine the resulting deformation of the teeth is necessary to 
determine the deformation of individual pairs. In Figure 5 shows the 
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