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Abstract

This paper talk about to develop the methodology of the GD&T (Geometric Dimensioning and Tolerancing)
philosophy in conjunction with rapid prototyping and Reverse Engineering technology, to achieve the improve-
ment of product parts. Collaterally and in a complementary way, this article, show the necessary to develop
measurement techniques by variables, focusing on measurement by coordinates, for the survey of pieces by
Reverse Engineering and quality control in production, as well as the development of functional gauges as a
method of control by attributes, using GD&T and rapid prototyping tools. All this applied to a piece to be de-
signed. The research methodology used is a quantitative strategy, based on an experimental study. This decision
was based on the need to identify and analyze the behavior of empirical data by taking measurements with a
coordinate measuring machine to apply reverse engineering to the part to be manufactured. To implement the
proposed method, measurements were taken on a part similar an airbag control support base made of AA 7075
aluminum. Later, the part was drawn in a CAD system, applying GD&T to both dimensional and geometric
dimensions of the part, thus obtaining the expected result.

Keywords: GD&T; CMM,; reverse engineering; 3D printing; geometric tolerances; ASME Y14.5; design; metrol-
ogy

1. Introduction

GD&T (Geometric Dimensioning and Tolerancing) is a dimensioning methodology, a universal
symbolic language, used to differentiate a good part from a bad one, but always from a functional
point of view, so that the rejected part is a non-functional part, that is, one that does not fit with its
geometric counterpart. [1]

Reverse engineering is the process of disassembling, analyzing, studying, evaluating, and un-
derstanding a product to understand how it works, how it was built, which components are con-
tained. It is used, for example, to create replicas, improve existing products, or simply to understand
the operation of a machine or system.

It can be said that GD&T and reverse engineering are two linked but different concepts. Basi-
cally, reverse engineering is a process of analyzing and studying an object to understand its design
and function, while GD&T is a methodology that allows defining and controlling the geometric tol-
erances of manufactured parts. GD&T is applicable to reverse engineering because it ensures that
parts manufactured from an original have the correct geometric dimensions and tolerances, which is
critical to their operation, coupling, and obtaining an adequate fit.

There are two types of engineering: direct engineering, in which the part is manufactured from
a drawing, and reverse engineering, which is the opposite process.

There is no single definition of reverse engineering. Some of them are:

“Reverse engineering represents the process of analyzing a system with two goals in mind: 1) to
identify the system's components and their relationships, and 2) to create representations of the sys-
tem in another form or at a higher level of abstraction.” [2]

“Reverse engineering is the process of designing a substitute that acceptably replaces a product
or part. In this case, reverse engineering is a particular case of redesign based on various aspects of
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the original product and on the analysis of a sample. It is applied when the design process or docu-
mentation is unavailable.” [2]

“Reverse engineering is an analytical-synthetic process that seeks to determine the characteris-
tics and/or functions of a system, machine, or product, or a part of a component or subsystem. The
purpose of reverse engineering is to establish a generic model of an object, product, or reference sys-
tem. [2]

It can be said that reverse engineering is the process followed to obtain a duplicate from a refer-
ence object. [2]

The information obtained, transformed into a model, is called a duplicate (reproduced object B)
reference object A. In summary, reverse engineering has the following primitive elements [2]:

1) the reference object (A), also called the initial object

2) the reproduced object (B), also known as the final object

3) the set of specific relation between the mentioned objects

The stages of reverse engineering [2] are:

Step 1: Preliminary knowledge of the reference object (A)

Step 2: Design of a research plan and its corresponding program of activities

Step 3: Application of the plan to the reference object (A)

Step 4: Synthesize the information obtained from applying the plan, generate model B, and
demonstrate that B ~ A (equivalence or similarity between A and B).

Step 5: Characterize model B

Step 6: Use B for various purposes

It should be noted that 3D scanning has become a very valuable tool in the application of reverse
engineering, and that the acquisition of three-dimensional points of a part allows for the development
of models and product analysis. [4]

Figure 1 explains the 3D printing process. [5]

Slicing

Figure 1. Generic stages of additive manufacturing (AM).

Regarding 3D printing, it is important to consider that there are modeling deviations, so it is
crucial to apply GD&T to the part drawing to achieve proper printing. [5]

This is achieved in the pre-dimensioning stage of the CAD model, considering several aspects
related to coupling, the deformation generated by the 3D printing process, and ensuring the correct
coupling of the part with its geometric counterpart through the application of GD&T. [5]

It is very important to use a project methodology applied to product development, since without
it, information would be incorrectly detailed, generating potential complications in the production
process, and it would not be possible to provide uniformity in specifications. [6]

This is why GD&T is used, since GD&T is a set of symbols, rules, definitions, and conventions;
that is, it is a symbolic language used to describe the size, form, orientation, and location of parts. [6]

Geometric tolerances are expressed by means of the feature control frame. See Figure 2.
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Figure 2. Feature control frame.

Basically the control frame shows the tolerance symbol, the tolerance with its features in the
corresponding cases, and the datums or references that represent not only the way of fixing the piece,
but also the order of precedence when fixing the piece and restricting its movements, the six degrees
of freedom, these being the three translations and rotations on the x,y,z axes. [7]

The five categories of geometric tolerances and their symbols are shown in Figure 3.
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Figure 3. Geometric tolerance symbols.

GD&T is applied to product development using, as a measurement element, a coordinate meas-
uring machine of any type, allowing for a comparison between the previously designed mathematical
model and the actual part, obtained through the collection of points. [6]

It is common to apply the GD&T methodology to product development, such as in the case of a
bus body manufacturer, applying it to a windshield, using as a measuring element to carry out the
metrological survey a portable three-dimensional measuring arm with a scanner and built-in spher-
ical probe. [6]

The use of a measuring arm and its software allows for the comparison of the previously de-
signed mathematical model and the actual part, obtained by collecting the points, with the scanner
attached to the equipment. [ 6]

It is important to consider measurement uncertainty when measuring parts and link it to GD&T.
There are many sources of uncertainty, caused by the complex system of mechanical components
found in coordinate measuring machines and environmental variations. Therefore, it is necessary to
develop a measurement uncertainty assessment method. [8]

Multi-sensor systems can also be used for inspection with coordinate measuring machines, com-
bining, for example, laser and contact scanning, among others, to increase speed and reduce meas-
urement uncertainty on complex surfaces. [9]

It is important to consider several aspects when planning measurements with coordinate meas-
uring machines. For example, inspection standards, GD&T, measurement technology, the
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manufacturing process along with the part specifications, and very important, the personnel in rela-
tion to their training and technical competence. [9]

The main objective of this work is to develop a documented method based on the application of
GD&T to obtain product parts through reverse engineering, thereby linking the mechanical design,
manufacturing, and inspection processes.

The objective was obtained by developing a documented method and improving the resulting
part through reverse engineering and another important aspect was the production of a functional

gauge.

2. Materials and Methods

The research methodology adopted is experimental, that is, based on a quantitative strategy.
This decision is based on the need to identify and analyze the behavior of empirical data by taking
measurements with a coordinate measuring machine to apply reverse engineering based on the di-
mensional measurements of the product part to be manufactured.

The motivation for selecting the research topic was to develop and establish a method that links
reverse engineering, metrology, 3D printing, GD&T and design and manufacturing engineering to
obtain engineering documentation that connects design, manufacturing and metrology, for both for-
ward and reverse engineering, using a common language. The diagram in Figure 4 illustrates the
above.

Methodology to be developed

Traditional reverse engineering

A
£ N\
Measurement of

Study of the part and
the counterpart

\

. GD&T Assignment of functional tolerances

I\ - Functionality )

Proposed Reverse Engineering Methodology

Figure 4. Methodology to be developed.

To implement the proposed method, the dimensional measurements was performed on a prod-
uct part, in this case a similar airbag control support base made of aluminum and zinc alloy (AA
7075), shown in the photo in Figure 5. The part was then drawn in a CAD (Computer-Aided Design)
system, applying GD&T to both the dimensional and geometric dimensions of the part.

Figure 5. Reverse engineering part -similar to airbag control support base.
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The steps of the method are:

1) Analysis of the part to be manufactured

2) Definition of the measurand, method, and equipment

3) Material study (tests)

4) Dimensional measurements

5) Analysis of measurements and tests

6) 3D printing of the prototype

7) Functional calibration (if required)

8) Analysis of results

9) Final design and generation of engineering documentation

10) Manufacturing the actual prototype

11) Analysis of results

12) Approval of the reverse engineering design

From the steps mentioned above, a flowchart was created and then the reverse engineering ser-
vice procedure was written. See Figure 6.

SERVICIO DE
INGENIERIA INVERSA

UTN-FRGP
LABTEC

)
[

SERVICIO DE
INGENIERIA INVERSA

==

((((((

3. DEFINICIONES:

Figure 6. Flowchart and reverse engineering service procedure.

The materials, equipment, infrastructure, and resources were provided by the National Techno-
logical University, General Pacheco Regional Faculty (UTN FRGP) and the activities were developed
in LABTEC. This is the Technological Laboratory of the National Technological University, General
Pacheco Regional Faculty.

The materials, equipment, infrastructure, and resources are detailed below:

-LABTEC Staff

-Coordinate measuring machine Model :BH-V500/700 Bright-M 500/700 with contact probe
,Resolution: 0.001 mm Measuring volume: X-axis: 500 mm,Y-axis: 700 mm,Z-axis: 400 mm Weight:
700 kg and Software: GEOPAK V3.0 measurement

- 3D Printer :Trideo Print Box Max 30x30 (LABTEC-UTN FRGP)

- LABTEC Coordinate Measurement Laboratory under IRAM ISO/IEC 17025:2017 standard and
LAB36-UKAS guidelines.

- LABTEC Offices: Two (two) General Management and Technical Metrology Management Of-
fices.

- LABTEC Quality Management System using the "Documentation Control" procedure (LTP01)
and the "Guide for Document Preparation” annex (LTP01-R02) to implement procedures, instruc-
tions, certificates, and other Quality Management System procedures deemed necessary.

3. Results
3.1. Information analysis

The part and information about it were obtained. In this case, the drawing. See Figure 7.
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Figure 7. Drawing of the original piece with insufficient information.

The drawing in Figure 6 shows the following missing information: datum (two are missing; only
datum A appears), basic dimensions, dimensional origin, true position (in three holes), general di-
mensional tolerance is missing from the label, diameters of 8 mm without dimensional tolerance and
radii R7 and R14 without dimensional tolerance.

The Figure 6 indicates that the part has a single datum (Datum A), so the restriction of the six
degrees of freedom, i.e., the three translations and three rotations, is not guaranteed. This means that
if the part is not properly clamped. There is great difficulty in materializing the theoretical centers of
the holes, thus not ensuring the coupling between the part and its counterpart. This is because there
is no true position or concentricity/coaxiality tolerances either, since they are not included in the fea-
ture control frame.

In Figure 6, the only feature control frame shown are the parallelism and perpendicularity charts
for the 33 mm hole. The latter symbol could be replaced by a position symbol with a cylindrical tol-
erance zone, which would include the possibility of considering the macro geometric error of per-
pendicularity.

Measurements, tests and document generation

The Figure 8 shows the reverse engineering process and its main activities.

Workpiece
(part/product)

Reverse
Engineering

<

T

m 3D printing  CAD Modeling L
! ,

Material Testing GD&T

E

Figure 8. Reverse engineering process.
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After analyzing the part information, measurements were taken with coordinate measuring ma-
chine (CMM) to facilitate reverse engineering, and the dimensional measurements were used to de-
sign the workpiece to be manufactured. An example of the measured values is shown in Figure 9.
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Figure 9. Example CMM measurement report.

At the same time as the dimensional measurements, tests were performed to characterize the
material. The tests performed included tensile strength, Brinell hardness, and spark optical emission
spectroscopy. The tests were carried out at INTL

Spark optical emission spectroscopy (OES-spark): the determination was performed with a spec-
trometer following the guidelines of ASTM E1251-17a Standard Test Method for Analysis of Alumi-
num Alloys by Spark Atomic Emission Spectrometry. The results obtained are presented in the table
of the Figure 10.

Muestra %Si | %Fe | %Cu [ %Mn | %Mg | %Cr | %Zn %Ti %Zr %Al
R00465855-1 | 0,06 | 0,14 1,39 | 0,03 | 256 | 0,20 | 6,29 | 0,05 | 0,004 | Balance

Figure 10. Results of chemical analysis using spark optical emission spectroscopy.

The test results were analyzed, and it was determined that the material is an AA type aluminum

alloy.
The Figure 11. shows the tensile strength and hardness tests performed. The samples used and
the tensile strength and Brinell hardness test equipment can be seen.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 11. Test equipment and material testing -INTI's devices.

It is important to indicate that the reverse engineering process was carried out following the
methodology developed in the materials and methods section of this document. The following pro-
cedures were developed:

LT-I37 Dimensional Measurement of workpiece with a Coordinate Measuring Machine

LT-I37-R01 Dimensional Measurement of workpiece with a Coordinate Measuring Machine and
Pattern

LT-138 Coordinate Measuring Machine User Manual

LT-138-R01 CMM Software User Manual

LT-I39 "LABTEC Pressure Recipient Control Management"

LT-138-R02 Simplified CMM Software User Manual

LT-I40 Reverse Engineering Service

To document the entire methodology developed for performing reverse engineering activities,
the instruction "Reverse Engineering Service" (LT-140) was prepared.

CAD Modeling and GD&T

Once the measurement values were obtained, the part was drawn in a CAD system, the func-
tional gauge was designed, and 3D prints of the prototypes were made. The part was drawn in a
CAD system for reproduction on a 3D printer and a machine tool. It is possible to see this in Figure
12.

_Li.a ) LR

.

Figure 12. Part prototypes and functional gauge in 3D printing.

The Figure 13 shows the drawing of the part to be reproduced on a 3D printer as a prototype,
with the purpose of evaluating its functionality with a functional gauge developed with the technol-
ogy mentioned above.
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Figure 13. CAD drawing system 3 planes and dimensioned part for 3D printer.

For this case, a three-plane “clamping” system was adopted, allowing the datum simulators to
be implemented in the metrology laboratory by means of two fixing squares and a reference surface,
and on the machine tool, using the machine tool table and two fixing squares.

The Figure 8 shows the dimensions whose tolerances have been increased because the tolerances
used for sizing 3D printed parts are wider than those applied to aluminum parts. The reasons for this
criterion are due to various factors, especially those related to the manufacturing process and the
material used.

It is important to note that the part to be manufactured in AA 7075 aluminum is generally man-
ufactured using subtractive manufacturing, so the assigned tolerances are smaller than 3D printer
technology, especially if manufactured with computer numerical control machines. In contrast, in 3D
printing, plastic materials are used. Polymers are subject to contraction.

Contraction is due to various factors, such as thermal expansion, polymer solidification, internal
stresses, and the thermodynamics of the manufacturing process. [10]

Thus, the dimensional contraction happens when the plastic material used for printing cools and
depends on the type of material used. This is the reason why tolerance values must be increased.
Everything discussed in the previous paragraphs is also applicable to the manufacture of functional
gauge by 3D printing.

The Figure 14 shows the drawing of the part to be manufactured on a machine tool, and in this
case, the tolerances are smaller than those established in Figure 13.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 14. CAD drawing system 3 planes and dimensioned part to be manufactured in AA7075 aluminum.

The functional caliber prototype was manufactured on a 3D printer in the same way as the part.
The reasons for increasing the tolerances of the functional gauge are the same as those explained in
this paper and are due to the dimensional contraction of the impression material. See Figure 15.

Figure 15. CAD drawing system 3 planes and dimensioned part for 3D printer.

Figure 16 shows the drawing of the functional gauge made for a piece of AA7075 aluminum
alloy.
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Figure 16. CAD drawing system 3 planes and dimensioned functional gauge for machining in AA7075 alumi-
num.

Once the prototypes of the part and the functional gauge were printed, they were coupled to

verify their functionality. The result was correct. Therefore, the part was approved by functional con-
trol, as can be seen in Figure 17.

Figure 17. Approval by functionality.

In Figure 18, the original part subjected to reverse engineering enter the functional gauge.

Figure 18. Original part coupled with functional gauge printed in 3D printer.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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After checking the part and the functional caliber printed on a 3D printer, the part and its func-
tional gauge were manufactured in AA7075 aluminum alloy as shown in Figure 19.

Figure 19. Preliminary machining of part and functional gauge both in AA7075.

Once the functional gauge and the part, both made of AA7075 aluminum alloy, were available,
they were coupled, achieving a satisfactory result.

The reverse engineering is not a copy of a part or product, but rather an improved version,
where, after analysis, defects are discovered and look for improvements. To get this, it was decided
to perform a blasting treatment on the part and its functional gauge. It is possible said that the blasting
treatment and the functional gauge, both are the improvement. The result is possible to see in the
Figure 20.

Figure 20. Part on both sides and functional caliber, both in AA7075 with Blasting.

4. Discussion

Regarding the scope of the study, the measurements were made with a coordinate measuring
machine with a contact probe. However, other types of non-contact measuring machines can be used,
such as tomographs, scanners, and photogrammetry measurements. Another possibility is to conduct
experiments with measuring arms. These could be other lines of development, including bilateral
comparisons with some of the equipment mentioned above.

The functional gauge constitutes an innovation compared to the original product and a rapid
control tool that can be applied in the serial manufacturing process.

Testing revealed the type of material and its characteristics. In this case study, an aluminum-
zinc alloy (AA7075).

The method for evaluating the uncertainty of measurements and the determination of their
sources were both developed and used in this research but should be explained in detail in another
specific paper.

Written procedures allowed for the establishment of standard methods for the different activi-
ties that are part of measurements and reverse engineering.
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The application of the proposed methodology made it possible to manufacture parts without
generating scrap. This was because the drawing was well executed, applying the GD&T rules and
tools.

Reverse engineering, combined with GD&T, is a useful tool for understanding and reproducing
products, especially when information is needed from an existing design or product without access
to original drawings or specifications. GD&T, on the other hand, is a system that defines and com-
municates the geometric tolerances of a design, allowing designers, production, and quality control
personnel to control process variations during manufacturing.

The two complement each other when analyzing and replicating components. Reverse engineer-
ing provides information about a product's design and manufacturing, while GD&T ensures the cor-
rect interpretation of geometric tolerances to replicate the part as faithfully as possible.

This research work allowed us to create a working group with members from different disci-
plines and organizations. This created a space for mutual collaboration.

5. Conclusions

The objective was got because the results obtained were as expected, the measurement method
selected was appropriate and the measuring equipment too. The same applies to the tests chosen to
understand and characterize the material.

The correct design of the workpiece and the functional gauge allowed for scrap-free manufac-
turing. This result was achieved through a combination of GD&T tools and reverse engineering.

The application of reverse engineering not only allowed for the improvement of the original
part, but also for the creation of a functional gauge for its control.

Having a written reverse engineering service procedure and other related procedures allows for
standardized repetition of reverse engineering processes in the same way.

Based on experience, it can be stated that reverse engineering combined with GD&T allows for
obtaining information about an existing product, creating detailed drawings and specifications, man-
ufacturing parts with precision and quality to reduce scrap, and enabling the creation of similar or
improved products.
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