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Abstract: During the measurement process of a mechanical workpiece, many factors affect
the measurement uncertainty. Although a number of studies have been reported in evaluating
measurement uncertainty, few have take into account the quality of the measured part to
determine the influence of the real geometry on the calculation of the position of the datum
coordinates system. This is the first aim of this article. The second one describes how we can
use a Dimensioning and Tolerancing add-on (into simulation software) to predict the default of
a real measurement process. This second part takes into account the defaults due to the
manipulation of a measurement device. With these two points, we can simulate with more
accuracy the global defaults of the measuring process.
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1. Introduction
The coordinate measuring machine (CMM)

is the mostly used measuring device. It allows
to carry out measurements and to inspect the
quality of parts in all types of industry. This
instrument is often preferred to others because
it is a flexible device that can improve
productivity of the measurement process of
mechanical parts.

We  are  going  to  perform  our  research  to
focus on the influence of the geometrical
defaults of the parts and on the methodology
of measurement linked to the device used. The
experiments are realized in the CAD
environment (CATIA) with additional
software of simulation (3DCS).

2. Problematic

2.1. Context of the study
During the measurement process, there are

many  parameters  affecting  the  quality  of  the
measurement results. Some of them are often
studied: the influence of the probe system
[3][5][7][10][15][17][20][25], the dynamic

and  kinematic  effects,  the  methodology  of
calculation used into the software [3][24], the
thermal effects on the workpiece [14].

Abdelhak Nafia, J.R.R. Mayera, Adam
Wozniakb [3] present a method for the
separation of machine and reference sphere
errors on one side and triggering probe and
probe tip on the other side.

J.  Sładek,  A.  Gąska  [16]  present  an
evaluation of coordinate measurement
uncertainty with use of virtual machine model
based  on  Monte  Carlo  method.  This  work
simulates the CMM machine and the part in a
virtual environment.

Jean-Pierre Kruth, Paul Vanherck,
Christophe Van den Bergh and Benny Schacht
[14] study the influence of the thermal effects.
There is different gradient between the CMM
and  the  parts.  In  this  article,  the  part  and  the
probe are considered deformable. This study
focuses the interaction between workpiece and
CMM during geometrical quality control.

Pinet Sriyotha, Kazuo Yamazaki, Xingquan
Zhang and Masahiko [23] present a system to
reduce residual vibrations in single-axis types
of motion of the CMM in the high speed. The
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dynamics of the CMM were considered and
determined by experiment.

Adam Woźniak and Marek Dobosz [7]
study the influence of the deformation between
the probe and the parts in the process of
metrology. They apply a Hertz law (elastic) in
the area of contact.

2.2. Previous work
In recent articles [21][22], we have

presented a method to optimize the metrology
process.  Instead of manufacturing a set of
different  parts  with  defaults  (with  a  Gauss
distribution), we prefer to simulate the defaults
by using virtual parts. The use of virtual parts
provides some advantages instead of using
manufactured parts. In fact:

• It is impossible to produce a real part
exactly the way we would like it to be (you
can’t manage the values of the defaults).

• It takes time to make parts.
• It costs to make parts.

2.2.1. Virtual parts concept
We have used a simple part with a drilled

hole on a face. We have studied the influence
of  the  part  quality  on  the  result  of  a
measurement.

Because the software included in the CMM
(coordinate measuring machine) has a lot of
options, the operator has to make a choice
between  these  options.  For  example,  the
software has different mathematical
calculations and different ways to calculate the
datum coordinate system. Unfortunately, the
different methods give different results.

Figure 1 : Part for the study

On the studied part, we have considered
three geometrical defaults being supposed to
influence the quality of the measurement
process and more precisely the position of a

calculated datum system. The flatness of the
two surfaces and the perpendicularity between
the faces are the parameters of the study
(Figure  1).  We  use  the  DOE  (design  of
experiment) [12][19] method to reduce the
number  of  experiments  to  find  the  effect  of
each parameter. We have defined three levels
for each geometrical default.

The methodology used to build the virtual
parts (Figure 2) begin with a set of points into
an excel file. This allows choosing the quality
of  the  surface  (flatness  default).  Then,  we
import  the  set  of  points  into  CATIA.  We  can
rotate  the  set  of  points  easily  to  obtain  the
virtual part with the perpendicularity default
needed by the experiment. The last step is to
export this model from CATIA to
METROLOG  XG  software  to  realize  all
measurements.

Figure 2 : Manual processing
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2.2.2. The limit of this approach
This previous study [22] has permit to find

the parameters which influence the result of
the position of the hole. The limited number of
parts is enough to determine if a parameter has
an effect or not, but it is an insufficient number
of values to obtain more information.

We don’t know precisely the limit of the
value for each parameter before it will
influence the result of the metrology process.

To improve the results we need to change
the way we consider the parameters. We will
consider that the parameters are continuously
variable. In this case, the DOE with the virtual
parts method is not appropriate. The manual
process to build all virtual parts will take too
much  time.  Then,  we  choose  to  try  another
methodology for the simulation.

3.  A new tool for simulation
3DCS is software associated to CAD

system CATIA. Usually it is used to study
mechanism functionality as gap and contacts.
We have chosen to use it to simulate the
metrologic process of a measurement.

3.1. Introduction to 3DCS
The Figure 3 shows an overview of the

process  of  a  3DCS  study  in  the  case  of  a
CATIA CAD model.

Figure 3 : 3DCS overview

It is possible to use geometry from CAD
and to add information about the mechanism.
The  software  is  then  able  to  study  the

influence of each specification (tolerance,
dimension,  geometrical  default  …)  on  the
mechanical comportment. It is composed with
different modules: FTA, Moves,
Measurement, Statistical analysis …

We will just present in next paragraphs the
principles of the main modules: FTA
(Functional Tolerancing and Annotation) and
the statistical analysis method.

3.2. FTA module
This module is used to define the tolerances

and  geometrical  defaults  of  each  part.
Annotations are added to the 3D model. Figure
4 is an example of 3D annotation with a datum
plane as reference and a geometrical
specification to qualify the spherical surface.

Figure 4 : FTA Annotation

3DCS  software  uses  this  information  to
define the area of displacement for the real
surface. During the study, we have to create
points (called 3DCS points) associated to a
surface (feature points). These points have
then  the  possibility  to  move  into  3D  space,
according to the tolerances added to the
surface in FTA module. In the case of the
example (Figure 4) any point we will study on
the top surface is able to move +/- 0,01 mm
away from the CAD theoretical surface.

3.3. Statistical approach
3DCS  use  the  method  of  Monte  Carlo  to

generate parts with defects according to
tolerances  added  in  the  FTA  model.  A
tolerance distribution (Figure 5) is assigned to
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each dimension or specification of the model.
Then, the software generates a set of parts with
different sizes (included into the distribution)
and calculates a set of assembly.

Figure 5 : Statistical distributions

The system provides for example 1000
values for a measure on the assembly. We can
so obtain the mean, the standard deviation and
the capability of the mechanism to be
functional (dispersion is less than the defined
tolerance).

3.4. Application
We have used this new methodology for a

simulation of a measurement process into two
different ways. The first case is the build of a
biggest set of parts to improve the DOE
method. The second case is the simulation of
the manipulation of the measurement device.

4. Simulation of a calculation method

4.1. 3DCS method for Coordinate System
The ISO standard defines a unique method

to calculate a coordinate system in the case of
our application part (Figure 1). The “good”
one is defined with a tangency and a
perpendicularity constraint at the same time
for the second plane (Ref B) [2]. The
metrologic software associated to each CMM
provides different options to calculate a
coordinate datum system. Our first study [22]
was limited by the number of virtual parts we
could obtain in a reasonable time. By using

this new method, we only need to change the
FTA annotation value to obtain a new part.

 Figure 6 : Coordinate System

Instead of calculate (Figure 6) the position
of the datum coordinate system, we define a
geometrical constraint between a part that
represent the perfect geometry of the datum
system. The assembly (Figure 7) of the virtual
gauge (perfect part) with the real part (part
with flatness and perpendicularity defaults in
FTA model) is a simulation of the metrologic
methodology to associate a coordinate system
AB to a real geometry.

Figure 7 : 3DCS method for a coordinate system
association

4.2. Results of the DOE
By  using  the  3DCS  software,  we  obtain  a

set of parts with geometrical defaults. The
parameter with the biggest influence (on the
position of the coordinate system) change with
the values of the geometrical defaults. At the
beginning (Figure 8), the perpendicularity of
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the top plane is more influent than the flatness.
A larger flatness value becomes the most
influent parameter on the result.

Figure 8 : Evolution of default influence

We have obtained a graphical surface
(Figure 9) that represents the influence of two
parameters on the global result for the position
of the coordinate system.

Figure 9 : Results of DOE

With a manual building of the virtual parts,
the effect was observed, but with a continuous
variation of the parameters values, it is
possible to obtain a direct link between the 3
parameters and the default on the position of a
datum coordinate system.

5. Simulation of a measurement device
As presented in the introduction paragraph,

we have also use this new tool for simulation
to evaluate the uncertainty of a measurement
process linked to the quality of the
manipulation of the device.

5.1. Flatness device measurement
The example is the measurement of the

flatness  of  a  plane.  Usually,  the  simplest  way

to obtain the result, and the less expensive
because  of  the  device,  is  to  do  a  manual
measurement with a simple datum reference
plane  and  a  dial  gauge.  The  difficulty  for  the
manipulation is to obtain the right orientation
of the part before to perform the flatness
measurement. Because we want to measure the
form default, we need to erase the orientation
default (Figure 10).

Figure 10 : practical flatness measurement

The tool for simulation is used in this case
to evaluate the effect of a bad orientation due
to the manipulation. We have practice several
real manipulation to quantify the best result we
could obtain.

5.2. Virtual measurement
The FTA annotation module is used to

translate the default of the manipulation into a
tolerance value (Figure 11).

Figure 11 : Device and model

The parameter we have chosen for the
position of the part during the manipulation for
the  measurement  is  a  form  default  of  the
contact surface (Figure 4). It allows each
contact point of the bottom plane of the
simulation part to “move” with a small
displacement linked to a tolerance value. With
a set of more than 20 measurements, we could
define the value of the manipulation best
default to +/- 0,01 mm.
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Figure 12 : Model for simulation

The default is applied to the contact point
on the bottom surface by considering a perfect
geometrical part and a default linked to the
support. In the real manipulation, the default is
at  the  top  of  the  real  part  (the  3  points  the
operator has to setup as a horizontal plane)
(Figure 12).

5.2.1.Flatness 0,1– Position 0

The first case of simulation was a flatness
default of 0,1 (applied to the top surface of the
part = studied surface) with a positioning
default equal to 0. In this case, the simulation
tool confirms dispersion equal to 0,102 mm.
The difference is the statistical approach that
means a 99,73% distribution [1]. So the
maximum value of the Monte-Carlo method
can be a bit more than 0,1 mm (but near to the
0,1 value).

5.2.1. Flatness 0,1 – Position 0,02
In this second case, the value for the

simulation of the measurement is at the
maximum 0,098 mm. The value is the same as
for the first case. The error of the operator
during the manipulation has a very few effect
on the measurement.

5.2.3. Flatness 0,03– Position 0,02

This third case is the most important of our
study. When the value of the flatness we need
to  simulate  is  near  to  the  value  of  the
positioning default, the global result is 0,039
mm. Without positioning default, we have
only 0,0308 mm for the worst case.

5.3. Analysis of the results
The simulation of the measurement process

shows us that the value of the positioning
default  can have an effect  on the result  of the
flatness measurement.

6. Conclusion
In  this  article,  we  have  tried  to  use  a  new

method of simulation applied to the
measurement process.

The defaults we have taken into account are
on the first side, the quality of the part that we
measure, and on the second side, the error due
to the manipulation of a device.

For the first study, the aim was to prove
that  it  was  possible  to  improve  the  results  of
our previous work [22] with a most efficient
methodology.

For  the  second  study,  the  aim  was  to
demonstrate the possibility to evaluate the
influence of the device on the result. But, only
by taking into account the error of
manipulation.

Our future studies will be developed with
the  same  tools,  by  adding  the  possibility  to
observe the part deformation due to clamping
system. It will be in the case of flexible parts.
The 3DCS module provides tool to be able to
include FEM (finite elements method)
calculation.
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