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Abstract Using conventionalmanufacturingmethods for product development typi-
cally involves a relatively long lead time and cost, especially for obsolete, worn-
out, or broken parts. Reverse engineering is a preferred solution for reproducing
obsolete parts and has been increasingly utilized to advance additive manufac-
turing technology. It is a combined process of laser scanning the obsolete parts
where engineering design has become unavailable. These designs are then converted
into patterns for sand casting to manufacture three-dimensional (3D) prototypes for
further product development. The combination of reverse engineering and additive
manufacturing is being utilized tomanufacture the pattern for sand casting to produce
the final product faster and distribute that to the industrymore rapidly.Additivemanu-
facturing technology has had a significant impact on the manufacturing industry
throughout the world. There are various application fields where additive manufac-
turing has had a significant impact, and one of these fields is the aerospace industry.
This study presents technologies and methodologies for reverse engineering, illus-
trated by a stainless-steel lever part from an aircraft control assembly. It involves
the reconstruction of part geometry using laser scanning, fabrication of the pattern
for sand casting using material extrusion additive manufacturing technology, and
reversed part fabrication using sand casting. It was found that the fabrication of
patterns directly from reverse-engineered computer-aided design (CAD) data using
a suitable additive manufacturing technique provides a reliable and economic path
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for rapid product development of complicated parts for replacement purposes. The
process of reverse engineering comprises of laser scanning, CADdata, and all regular
manufacturing steps to make that part.

Keywords Reverse engineering · Additive manufacturing · 3D printing ·Material
science · Data capturing ·Material extrusion · CAD reconstruction

Introduction

Reverse engineering refers to the process of generating engineering design infor-
mation from existing parts. It refabricates an existing part by obtaining its surface
information using a laser scanning or measurement device. It is valuable to recon-
struct the three-dimensional (3D) prototype of an existing part when the engineering
design data ismissing orwhen themodel has disappeared fromnumerous design vari-
ations, especiallywhen the part becomes obsolete, worn-out, or broken. Furthermore,
reverse engineering consists of breaking down an innovation explicitly to determine
how it works and how it was designed. This breaking down draws a useful learning
process [1, 2]. As a technique, reverse engineering is not set for a specific reason.

Nevertheless, reverse engineering is frequently a significant part of logical strategy
for innovative product development. The way of dismantling a part and finding out
how it works is frequently a fascinating method to determine how to manufacture the
part or upgrade it [3]. Reverse engineering is a way of producing a prototype using
a computer-aided design (CAD) model from an existing part that has already been
manufactured. It allows for the reproduction of a part by understanding its phys-
ical and geometrical measurements [4]. This reverse configuration approach begins
with a physical part and works backward through the procedure to plot the part’s
measurements and structure, which allow the part to rationally recreate the structural
views that were originally produced [5]. Reverse engineering has unique character-
istics in the typical design process. It takes a physical part and makes it into a CAD
model to change or adjust the structure. It can similarly characterize the procedure
or copy an existing part by gathering segments of the physical measurements [6].
This type of engineering is typically incorporated to upgrade the design of a product
for better viability or to deliver a duplicate of a design without having access to the
design plan fromwhich the part was initially created. On many occasions, it is useful
for improved maintenance, or when the technical data is misplaced, imprecise, or
obsolete. Examples include handmade prototypes and the reproduction of obsolete
engineering objects used in aerospace, automotive, medical, and dental applications.

There are many different processes used to obtain data, but most of them are
time-consuming. Technical information is essential for the smooth operation and
continuous work of any generation of additive manufacturing, helping to manage
the model of the part’s computer-aided manufacturing (CAM) [7, 8]. A slight insuf-
ficiency or inaccuracy in data has repressed reverse engineering. By simplifying
CAM operations of these physical models, it is essential to create their CAD models
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[9]. Reverse engineering is the fastest method to get data into any system. Tech-
nical data is essential to any industry’s smooth and continuous relationship with a
manufacturing facility. Presently, there has been a demand for reverse engineering
within many industries, such as aerospace, automotive, medical, robotics, military,
and various other research environments. This study aims to minimize the knowl-
edge gap regarding reverse engineering and achieve a complete understanding of
how to deal with reverse engineering for future studies [10–13]. This study aims
to cover the details of reverse engineering, showing a step-by-step process of the
fabrication of patterns for sand casting a lever part from a control assembly of an
aircraft using the additive manufacturing technique with polymeric materials. The
study describes the various methods of creating CAD data and scanning technologies
used to capture data for part geometry, a key component in the reverse engineering
process. The digitized component can be manipulated in CADmodeling software to
generate the files needed for additive manufacturing. This study also demonstrates
the different additive manufacturing technology methods applied to create a casting
pattern. Replacing older components that are no longer in production can result in
substantial manufacturing costs involving complexity when using a variety of molds,
machines, and tools for sand casting. Employing additive manufacturing for creating
a pattern for the casting of a part has been shown to reduce these costs significantly
and minimize material waste.

Experimental Procedure

Equipment and Materials

The experimental setup consisted of various pieces of equipment: HandySCAN 700
scanner, Stratasys Dimension BST 1200 printer, and Fusion 360 and VX Element
7.0 software. The HandySCAN 700 scanner was attached to a USB 3.1 connector,
which facilitated getting all the cloud points faster. VX Elements 7.0 software, which
is used to capture the geometry utilizing theHandySCAN700, is fully integratedwith
other 3D software platforms, such as Fusion 360, and allows for the export of files.
Moreover,VXElements 7.0 is a post-processing software that integratesVXelements
and enables processing of the 3D point cloud to transfer in CAD modeling software.
Fusion 360 is the CAD modeling software used to edit the mesh file and finalize
the 3D scanned data that is employed directly in most rapid prototyping techniques,
preferably for metal 3D printing. This software allows objects to be exported in
stereolithography (STL) format, which is required for 3D printing the casting pattern.
HandySCAN700 is a portable laser 3Dscanner that considersmultiplemeasurements
with different speed and accuracy. It uses seven lasers, which create a grid and an
additional line for increased accuracy. The scanning area is approximately 275 mm
× 250 mm, the volumetric accuracy is 0.02 mm ± 0.06 mm/m, 56~60 images are
scanned per second, each image collected is about 600 points, and the measurement
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Fig. 1 Equipment used to
perform reverse engineering
of an obsolete part: a
HandySCAN 700 laser
scanner and b Dimension
1200es BST 3D printer

rate can meet 480,000 measures. HandySCAN 700 consists of a laser projector,
and a CCD sensor triangulation system is used for self-positioning. The illuminated
light emitted by the laser projector is spatially modulated by the surface of the
object to be measured. Changing the angle of the imaging beam, the position of
the structured light on the CCD sensor results in a change. Figure 1a displays a
commercial HandySCAN 700. The Dimension 1200es BST 3D printer is based on
material extrusion technology. This printer has space to build 3D designs up to 254×
254× 305 mm, which allows more than one model to be created at a time. Figure 1b
shows a commercial Dimension 1200es BST 3D printer.

Experimental Methods

The HandySCAN 700 is an entirely handheld laser scanning device, which applies
targets from its reference system to the part. These targets achieve up to 20-micron
accuracy specifications. It is feasible to collect data on both sides of the part by simply
moving the device around the part. A computer system connected to the device helps
to virtually spin the part itself to capture data from all sides. HandySCAN 700 laser
scanning is unique to previous 3D laser scanning technologies. This device uses
seven laser crosses, which give a precise scanning speed of 480,000 data points per
second, gathering a considerable amount of data extremely quickly and consequently
minimizing scan time. Not only a seven-laser cross-system but the device can also
be optionally turned into a single-line mode by simply double-clicking a button on
the back of the scanner. In a single-line system, only one laser line that does not
require both lenses on the scanner is used, so it only requires whichever lenses are
looking at the reflecting end. These single lines quickly reflect data from the tight
areas of the part, such as holes. This study used the general area coverage, which is
a quick way of gathering data, and the most accurate way to map out targets and tell
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the scanner where it is moving around in space, thereby also assisting with a depth-
of-field indicator. Holding the scanner too far away from the part indicates blue and
holding the scanner too close to the part indicates red. Holding the scanner directly in
the middle indicates green, which is the scanner’s optical scanning distance from the
part. After scanning the entire part, VX Elements 7.0 software processes the part’s
point cloud. The transformation of a 3D point cloud file to a CAD file is performed
using Fusion 360 software, which analyzes the part geometrically and breaks it into
meshes, thereby recognizing all the part’s critical geometrical features. Mesh is used
for extracting the surfaces to generate the CADmodel. This software supports critical
features to modify the CAD model to look the same as the obsolete part.

In this study, additive manufacturing was employed to manufacture the sand-
casting pattern for the obsolete part. Due to accessibility, 3D printing was performed
with polymeric materials, using the actual 3D part in hand to measure the geometric
features and dimensions of the sand-casting pattern for the obsolete part. This tech-
nique is viable for complex parts with many geometric features. The casting pattern
was fabricated using ABS plastic and PLA plastic on a Dimension 1200es BST 3D
printer by incorporating the material extrusion additive manufacturing technique.
This fabrication took 2 h and was followed by clearing the supports manually, using
xylene for a better surface finish, and drying in an airstream for 30min to improve the
strength. The ABS plastic was closer to the more desired material used in the sand-
casting processwith itsmechanical properties compared to the PLAplastic. TheABS
P400 plastic used is a durable ABS-based material appropriate for concept models
and testing of form, fit, and some function. It is impact-resistant, has a relatively high
tensile strength, and is heat, scratch, and chemical resistant. The material has a rela-
tively high thermal expansion for plastic and is lower in cost than most engineering
thermoplastics. However, ABS plastic has limited weather resistance and is not very
resistant to solvents. During 3D printing, the Dimension 1200es BST 3D printer
operates with an extrusion system—an extrusion head with a nozzle to deposit build
material onto a build platform. During material extrusion, a filament (ABS plastic) is
fed through the extrusion head by a drive roll and past a heating element. The mate-
rial liquefies and is then deposited by the nozzle onto a build platform. The build
platform, which usually moves vertically, lowers itself automatically so the nozzle
and can dispense a new material layer on top of the previous layer. To build each
layer, the extrusion head deposits the layer’s outline first and then fills in each layer
according tomaster dimensions set by the operator. As each layer is deposited, it fuses
to the previous one, creating a solid model. This process is repeated until the final
product is completed. While adding layers, material extrusion systems sometimes
dispense support material along with build material. Support material occupies nega-
tive spaces and provides stability to disconnected part features, such as overhangs or
holes, during the building process. Once the part is completed and used, the support
material and break-away support systems are manually removed. To remove soluble
support materials, the parts are submerged in a chemical bath or a solvent, such as a
xylene, which quickly dissolves the support material. 3D printing machines exclu-
sively use thermoplastics, a group of polymers, as build materials. Thermoplastics
melt or soften quickly when heated, and they retain their desired shape upon cooling.
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A large variety of thermoplastics are available for use in the 3D printing additive
manufacturing industry. Many modern 3D printing machines still rely on thermo-
plastics, usually in pellets or filaments, to build parts today. The sand-casting process
is relatively simple. A sand casting of the stainless-steel lever part from an aircraft
control assembly was prepared using a 3D printed ABS pattern, applying material
extrusion additive manufacturing technology. The pattern-development time was
reduced by speeding up the sand-casting application. The reverse-engineered part
should be resistant to chemicals in the sand, abrasion-resistant, and able to with-
stand compaction forces applied to pack the sand. Sand casting offers an economical
process for the mass production of complex metal part structures. Stainless steel was
the metal used for sand casting in this study. The progression starts with the design
of the cast part and the metal delivery paths in the mold. The 3D printed ABS pattern
is placed in a square box called a flask. Sand is then poured into the flask and placed
firmly against the 3D printed ABS pattern. Clay, which is green sand and dry sand,
holds the compacted sand together. Molten metal is poured into the mold over the
sprue, flowing through the path onto the part cavity. The metal correspondingly fills
the riser, a reservoir that continues to supply the part cavity as the metal cools and
shrinks. Themetal is then allowed to cool and solidify, and the sand is separated from
the part. Subsequently, the manufactured part is removed and subjected to surface
treatment processes such as sanding, sealing, and painting (optional) to improve its
appearance and durability. By using additive manufacturing technology for pattern
creation, sand casters use an effective prototyping approach, resulting directly in
production.

Results and Discussion

The CADmodel obtained from laser scanning consists of many points on the surface,
stitched together on the clouddata. It is very tedious tomake a completewhole volume
model due to unavoidable discontinuities among the stitched surfaces. However,
some reverse engineering software facilitates surface evaluation and model inspec-
tion by measuring the difference between the surface model and cloud data, auto-
matically filling and correcting gaps. Overall, the results of models created using 3D
CAD modeling software are better than those obtained through reverse engineering.
Reverse engineering is suitable when drawings are not available, and the part has a
complex geometry. The lever part, when reversed, is a medium-complexity part due
to the holes and fillets on the top portion and its curved geometry. CAD modeling
with traditional CAD software typically takes at least a week. In contrast, it took
only 3 h for laser scanning and 2 h for 3D printing this pattern for casting the part.
Figure 2a–c show the results of the study. Figure 2a shows the obsolete physical part,
and Fig. 2b shows the CAD model of the obsolete part, which was obtained using
the HandySCAN 700 laser scanner. The pattern for sand casting of the reversed part
was created using thematerial extrusion additive manufacturing technique. Figure 2c
shows the 3D printed part, which is the pattern for sand casting of the reversed part
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Fig. 2 Reverse engineering process: a obsolete physical part, b CAD model of obsolete part, and
c pattern for sand casting of the reversed part using material extrusion additive manufacturing

manufacturedwith theDimension 1200es BST 3Dprinter, an affordable processwith
low energy usage. Figure 3 shows a visual comparison of the obsolete part and the 3D
printed part, a fabricated pattern for sand casting. The 3D printed fabricated pattern
for sand casting was made precisely like the actual obsolete part, which incorporated
the dimensional analysis. All figures display a complete understanding of the reverse
engineering progression. When the feature extraction of the five major characteristic
designators on the obsolete part was tested, the design value of the hole distance
varied, depending on the location. A comparison of the measured value and design
value of the hole distance is shown in Table 1, which also includes the deviation
of the pattern manufactured using the material extrusion system from the original
obsolete part.

Dimensional accuracymeasures the fabricated pattern’s closeness for sand casting
to the corresponding obsolete part. For dimensional comparison, Fig. 3 shows the
three locationsmeasured on both the obsolete and 3Dprinted parts fabricated for sand
casting. Each dimension was measured twice. The absolute deviation was calculated
relative to the obsolete part’s dimensions since the samemodelwas used for all reverse

Fig. 3 Dimensional comparison of three locations measured on both obsolete part (left), and 3D
printed part (right), a fabricated pattern for sand casting
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Table 1 Comparison of measured values and characteristic designator values

Reference location Original obsolete
part value (mm)

Fabricated part
value (mm)

Deviation value
(mm)

Error (%)

D1 5 4.9 0.1 0.02

5 4.4 0.6 0.12

D2 60 62.4 2.4 4.00

60 54.4 5.6 9.30

D3 15 11.9 3.1 20.60

15 12.3 2.7 18.00

Fig. 4 Final reverse-engineered part using sand casting from 3D printed pattern

engineeringprocesses. Thepercentage deviation formeasuring the dimensional accu-
racy of the fabricated pattern for sand casting is defined as the percentage ratio
of deviation from the obsolete part’s corresponding dimension. Dimensional errors
may be introduced during laser scanning, point-data processing, solid modeling, and
manufacturing pattern casting. Figure 4 shows the final sand-casted part, which is
similar in geometry to the obsolete lever from the aircraft’s control assembly.

Conclusion

There has been an increasing interest in reverse engineering of obsolete parts to
replace parts that are worn out or whose original drawings (geometric, material,
and manufacturing details) are not available. With reverse engineering, the obsolete
part is measured to obtain new data and permit remanufacture of the part, which is
possible in several ways with today’s modern techniques of using point cloud data
from the obsolete part in digital CAD data files. This study showed how to over-
come product development issues for traditional metal sand casting by combining
reverse engineering and additive manufacturing technologies. This approach has
been successfully demonstrated by conducting an industrial case study on an obso-
lete stainless-steel lever from an aircraft control assembly. Every step in the reverse
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engineering process, such as data capturing, refining the CAD model, and manu-
facturing the casting pattern, was achieved correctly. The comparative analysis of
several routes for pattern fabrication yielded valuable data regarding dimensional
accuracy and surface quality. Material extrusion additive manufacturing was used
to make the part with sufficient quality to be used as a pattern for sand casting.
By using additive manufacturing instead of traditional manufacturing methods, time
and money can be saved. The proposed approach is particularly suited to the urgent
replication of worn-out parts with complex shapes and those needed only once or in
small quantities. Additive manufacturing is pertinent to the aerospace industry when
the manufacturing of engineering products and tooling is involved. Innovation in
additive manufacturing technology is expected to bring benefits in terms of accuracy
and cost soon, especially for small and complex components.
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