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Abstract—Reverse Engineering (RE) and Material Extrusion
(MEX) based Additive Manufacturing (AM) present a precise
and repeatable approach for polymer restoration through repair.
A hemispherical additively fabricated dome shaped geometry
was damaged via computer numerical control machining and
digitized using 3D scanning. A reverse engineered repair patch
was modeled based on scanned data and fabricated using MEX
process. The patch was adhesively bonded to the parent
structure. Metrological deviation analysis confirmed sub —
micrometer reconstruction accuracy, with over 94% of the
scanned data within £16. The adhesively bonded patch showed
excellent surface conformance. The findings demonstrate the
feasibility of RE based additive repair as an alternative to full
part replacement, and contributing to circular economy
practices.
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1. INTRODUCTION

Enhanced applications of polymers in modern engineering have
transformed material selection due to their versatile
characteristics and economic advantages [1]. Thermoplastics
offer significant advantages in terms of recyclability, enhancing
fabrication flexibility and circularity [2]. This property is
critical within the circular economy framework, where material
lifecycle and waste reduction are vital [3,4]. Polylactic Acid
(PLA) has garnered considerable traction among various
engineering disciplines for their ease of manufacturability and
circular nature [5]. However, PLA components are susceptible
to damage during handling and in-service, resulting in the need
for part replacement traditionally [6]. While it seems
straightforward, this approach presents challenges pertaining to
economics, timeframes, impact on environment, and tooling,
especially in parts demanding intricate geometries and critical
functionalities [7]. With the rise in circular manufacturing

principles, a paradigm shift from component replacement to
repair is gradually finding adaptation across engineering
domains [8]. In this context, modern reverse engineering (RE)
techniques, coupled with additive manufacturing (AM), offer
promising strategies for developing effective cosmetic repair
methodologies. The integration of 3D scanning methods
enables precise assessment of the damaged zone and digital
reconstruction of the focus area, while material extrusion AM
offers a viable methodology for the creation of accurate and
customized repair patches [9]. However, challenges around the
compatibility of printed patches matching with parent structure
exist and require further investigation. Optimizing interfacial
adhesion and maintaining mechanical integrity in the repaired
sections ensures optimal performance of the repaired structure
[10].

Current studies in material extrusion (MEX) based AM largely
focus on the fabrication of polymer components rather than
their restoration through repair [11]. Studies have shown the
capabilities of AM to create fully functional polymer parts with
customizable properties, but their direct application in repair is
still underexplored [4]. Achieving geometric alignment in
reverse-engineered patches, thereby aiding in strong bonding
between the printed patch and the parent structure, remains a
key technical challenge worth investigating. The current work
focusses on establishing a structured workflow for a polymer
repair methodology using MEX and RE based digital
reconstruction. The method involves the fabrication of the
parent part by MEX, controlled damage creation by computer
numerical controlled (CNC) machining method, 3D scanning of
the machined surface, modeling of the repair patch, and
subsequent fabrication using MEX. The focus of choosing PLA
is due to its widespread use in MEX applications, cost
effectiveness, and ease of processing [12]. Through
metrological evaluations after the parent — patch assembly, this
study evaluates the accuracy and feasibility of using MEX in
combination with 3D scanning for repairing damaged structures
as part of the RE strategy. It is believed that, this work
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contributes to expanding the applicability of AM in polymer
restoration, enabling more efficient and scalable repair
methodologies for industries adopting circular economy-
oriented practices.

II.  MATERIALS AND METHODS

Polymaker PolyTerra™ PLA was employed in this study,
chosen for its ease of processing, biodegradability, and
compatibility with MEX process [13]. The mechanical
properties are listed as per Table 1.
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Figure 1. Specimen dimensions of parent structure: (a) before machining; (b)
after machining

TABLE L. MECHANICAL PRI?‘PERTIES OF POLYTERRA™ PLA
# Parameter [ Value
2 Tensile strength g)_l ;{)2 fb%fl\iﬁaMPa
_ 0
3. Elongation at break 8() Og)jg:iﬁ 0:2 2.4%
4. Bending modulus gi[; Y) 2209 + 75 MPa
5. Bending strength ;4\3: + 1.1 MPa
6. Charpy Impact strength I6\1./7A:t 0.5 kJ/m*

To maintain consistent print quality, the filament was dried
before printing process initiation at 40°C for 8 hours using a
filament dehumidifier with silica gel added to absorb residual
moisture. The dimensions of the parent and patch considered in
this work is shown in Fig. 1.

A. Fabrication of parent structure using MEX

The parent structure was printed through MEX technique on a
Bambu Lab X1E 3D printer, with slicing performed using Orca
slicer v2.0 as shown in Fig. 2.

Bambu Textured PEI Plate

Figure 2. Slicing and MEX printing of parent structure

TABLE II. PRINTING PARAMETERS
# Parameter Value
1. Nozzle diameter (mm) 0.4
2. Layer height (mm) 0.125
3. Infill density (%) 100
4. Nozzle temperature (°C) 220
5. Bed temperature (°C) 55

The CAD model was prepared, saved to .s#/ format, ensuring
optimized mesh resolution before slicing. The printing
parameters were maintained consistent across all specimens, as
listed in Table II.

B. Controlled damage creation using CNC machining

To securely hold the printed specimen during machining, a
customized MEX printed fixture was designed and fabricated
using the QIDI X MAX 3D printer with standard input variables
and 100% infill density. This fixture was specifically modeled
and printed to conform the dome geometry of the parent
structure, ensuring stability within the machining chamber. The
fixture was held within the jaws of a two-part assembly as shown
in Fig. 3, secured using a nut and bolt fastening.

Figure 3. Fixture design and fabrication to support the parent structure
during CNC machinng

For simulating real world damage scenarios, controlled material
removal was performed using a Mazak Vertical Center Nexus
410A CNC machine. A 4™ inch solid carbide twist drill bit was
used for machining. The machining parameters are listed in
Table III.

Figure 4. CNC machined parent structure

TABLE III. CNC MACHINING PARAMETERS
# Parameter Value
1. Feed rate (in/min) 96
2. Spindle speed (rpm) 12000
3. Rough pass depth (mm) 0.3




# Parameter Value

4. Finishing pass depth (mm) 0.2

5. Lubrication Novamet 875 cutting fluid
6. Surface preparation P320-grit sanding

The machining encompassed of a roughing pass and a finishing
pass for removing courser and finer material with detail to
achieve the final geometry of the damaged zone with the
intended accuracy as shown in Fig. 4.

C. Scanning and digital reconstruction of the damaged zone

The machined parent structure was scanned using a Hexagon
Absolute Arm 85, selected for high accuracy, portability, and
fine scanning resolution.

The method of digital reconstruction involved i). 3D scanning —
capturing of damaged surface from multiple angles to ensure full
acquisition of the damaged zone; ii). Mesh optimization —
cleaning the scanned data using PolyWorks Inspector to remove
undesirable scanning noise; iii)). CAD reconstruction —
Importing optimized .s#/ file into SolidWorks 2024 modeling
software, applying boundary surface and Boolean operations to
reconstruct the patch geometry as shown in Fig. 5.
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Figure 5. Scanning and digital reconstruction: (a) machined parent structure;
(b) 3D scanning; (c) mesh optimization using PolyWorks Inspector; (d)
boundary reconstruction using SolidWorks

The final dimensions of the machined parent structure were
recorded for reference.

D. Patch fabrication using MEX

PolyWorks modeler software was used to reconstruct the patch
digitally, ensuring a watertight .s#/ model before carrying the
digital slicing. The printer parameters listed in Table 1 were
used to maintain material consistency. Patches were printed in
batches using a multi — object strategy to minimize intra — layer
deformations and warpage as shown in Fig. 6.

Figure 6. Additively fabricated patches after digital reconstruction of the
parent structure

Consistent part orientation was ensured to carry out optimum
bonding to the parent structure. The final printed patch
dimensions were recorded, and they matched to the CAD
designed repair patch.

E. Adhesive bonding of patch to parent structure

The printed patch was adhesively bonded to the machined
parent structure using Loctite 406, a cyanoacrylate adhesive,
chosen for lower viscosity levels, faster curing rates, and
stronger adhesion characteristics, suitable for PLA [15].

Figure 7. Adhesively bonded parent — patch assembly

The bonding process followed the surface preparation phase
initially where cleaning and light sanding was undertaken. A
thin, uniform layer of adhesive was further applied across the
entire bonding surface. The patch was positioned accurately and
naturally cured. No external pressure or clamping was done to
avoid misalignment.

II.  RESULTS AND DISCUSSION

The efficacy of employing RE methodologies for polymer-
based repair was assessed through metrological assessments
and statistical deviation studies. The analysis principally
determines the evaluation of accuracy of the reconstructed
patch, the repeatability of the process across multiple trials, and
the overall feasibility of using AM approaches for cosmetic
restoration. The findings presented in the section offer insights
into how RE patch conforms to the geometry of the damaged
parent structure; and how the proposed methodology ensures
precise and reliable repair procedures.

1. Accuracy assessment of reverse engineering process

The accuracy of the RE procedures was studied by analyzing the
deviations obtained between the reconstructed patch and the



digitally scanned parent structure. Deviation analysis was
performed on the bonding interface. PolyWorks Inspector
software was used for mapping the differences, with a shortest —
distance method applied to obtain realistic comparisons. Three
specimen assemblies of patch — parent structure were chosen for
analysis, and the details are presented in Table IV. The results
are in conformance that the reconstruction processes was
successful in obtaining sub — micrometer accuracy, with values
of mean deviation ranging within negligible range of practical
repair solutions.

TABLE IV. VALIDATION OF REVERSE ENGINEERING
MODELING

# Measurement type Value

1. Mean deviation (um) 0.0000067
2. Mean standard deviation (um) 0.0003420
3. Maximum standard deviation (pm) 0.0004770
4. Mean RMS value (um) 0.0003420
5. Maximum RMS value (um) 0.0004770

Mean Pts within
6. +/-(1 * StdDev) (%) 9425

Mean Pts within
7- +/-(2 * StdDev) (%) 9365

Mean Pts within
8 +/-3 * StdDev) (%) 96.68

Mean Pts within
9. +/-(4 * StdDev) (%) 9783
Mean Pts within

10. +/-(5 * StdDev) (%) 98.62

Mean Pts within

1 +/-(6 * StdDev) (%) 9926

12. Mean max positive deviation 0.002566
13. Absolute max positive deviation 0.003415
14. Mean max negative deviation -0.002893
15. Absolute max negative deviation -0.003902

The results show excellent reconstruction alignment, with more
than 94% of the data points falling within +lo, validating
repeatability in the scanning and reconstruction phase. As well,
the mean standard deviation and the maximum standard
deviation values show that most of the deviation values range
around the mean value, implying lower dispersion and higher
consistency in reconstruction accuracy.

5000000
000¢00000 0

mm

Figure 8. Validation of reverse engineering modeling: data color map
highlighting the deviation between parent — patch bondline after RE phase

The mean and maximum RMS deviation values at 0.0003420
pm and 0.0004770 um additionally confirms the minimal error,
showing that no significant geometric distortions were
introduced during RE modelling. The maximum deviation
values are considerably small, confirms the reconstruction of
patch well onto the original damaged region, ensuring a tight fit
with no additional post processing operations as shown in Fig.
8. The progressive increase in deviation distribution across +2¢
to +60 range is reflective of the expected statistical bandwidth
of the measured deviations. It implies that, most of the data
points lie within the +1c range (94% of the points), a small
percentage lie beyond and fall into the extended deviation
ranges. The gradual increase suggests consistent error
distribution predictions reflecting acceptable scanning and data
acquisition, print and machining quality.

2. Deviation analysis of AM fabricated patch

Validation of deviations introduced during the additive
manufacturing process and subsequent digitization is important
to focus to obtain a realistic perspective of the process.
Therefore, a comparative analysis between the pre and post
printed patch was conducted, ensuring alignment with a
predetermined reference coordinate system to facilitate auto
alignment with original digitized parent structure. From the
study, it was certain that AM process significantly contributes
for higher error accumulation in comparison to the RE approach.
The statistical evaluations reveal that the mean deviation was
approximately 0.51 um, while the maximum absolute deviations
reached upto 488 um, which highlights the impact of variability
of AM process on accuracy. Geometric complexity of the parent
structure appears to influence the magnitude of deviations, with
potential sources of error accumulation emanating from the
slicing, material deposition, and thermal shrinkage inherent to
the AM process. From a realistic perspective, this validation is
relevant as it could compromise the fir and adhesion of the AM
fabricated patch when applied in cosmetic repair applications.
The non — conforming regions may result in gaps or stress
concentrations, affecting the overall repair quality.

3. Validation of RE and AM procedure

The combined validation of the RE modeling and AM printing
process of the hemisphere showed an average mean deviation
of 1.71 um, with maximum absolute deviations closed to 490
pum as shown in Table V.

TABLE V. VALIDATION OF REVERSE ENGINEERING WITH
ADDITIVE MANUFACTURING

# Measurement type Value

1. Mean deviation (um) 1.71

2. Mean standard deviation (um) 69.16

3. Maximum standard deviation (pm) 97.63

4. Mean RMS value (um) 69.18

5. Maximum RMS value (um) 97.63

6. %ﬁn*}’;ﬁ)ﬁehv? %) 80.54

v y/?(zn*Péstg)lg;l (%) 9340




# Measurement type Value

Mean Pts within
+/-(3 * StdDev) (%)

Mean Pts within
- +/-(4 * StdDev) (%) 99.19

Mean Pts within
10. +/-(5 * StdDev) (%) 9963

98.12

Mean Pts within

11, +/-(6 * StdDev) (%) 9979

12. Mean max positive deviation 307.23
13. Absolute max positive deviation 420.07
14. Mean max negative deviation -431.72
15. Absolute max negative deviation -488.29
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Figure 9. Validation of reverese engineering with additive manufacturing:
data color map highlighting the deviation between scanned parent structure
with AM fabricated patch

The results align with previous validation of AM printing,
further reinforcing that the primary source of dimensional
inaccuracies arise from AM process rather than RE modeling.
Key observation is that geometric complexity influences error
accumulation (Fig. 9), as the hemispherical dome curvature
introduces additional challenges in maintaining precise
alignment. The best — fit alignment procedure, despite being
carried out under convergence criterion, likely resulted in minor
angular misalignments, resulting to an amplified deviation. The
mean root mean squared deviation and mean standard deviation
around 69 um were consistent with the errors introduced during
AM. While these deviations are within acceptable tolerances,
they could still be focused on finer detail with better printing
tolerancing aiding to enhanced dimensional accuracy.

4. Practical application challenges and process limitations

While the current study demonstrates high accuracy and
alignment, when applied in practical scenarios, the technique is
susceptible for minor sources of deviation, the same are
identified as follows:

=  Meshing inconsistencies — Geometric distortions may
arise due to surface trimming, and meshing operations,
notably when the parent and patch profiles have
complex curvatures. Data handling, mesh optimization
play a role processing of surface data digitally.

=  Variabilities due to AM process — Dimensional
inconsistencies due to material variations and print
inequalities give rise to deviations in dimensions.
Optimum print settings to ensure negligible thermal

and shrink defects are critical in maintaining
dimensional integrity of the printed parts.

=  Limitations of data acquisition — Inconsistencies during
data acquisition and alignment during scanning affect
the conformation of the patch onto the machined repair
zone. Higher resolution scanning and multi — angle data
acquisition is advisable for optimum scan quality.

IV. CONCLUSION

The current study demonstrates the feasibility of employing
reverse engineering and material extrusion-based repair
strategies for polymer structures. A detailed procedure
involving 3D scanning, digital reconstruction and additive
manufacturing was formulated to restore the damaged section
with optimal accuracy through repair. The key findings are
summarized below:
=  Deviation analysis showed that more than 94% of the
scanned points fell within +1o, confirming high
precision of the digital reconstruction process.
= The mean deviation was recorded at 1.71 um
confirming that the patch required no need for post
processing for integration onto the parent structure.
= Deviation analysis across three trials confirmed
process stability, demonstrating minor variations in
scanning and printing have no significant effect on
reconstruction accuracy.
=  Parent patch bonding surface exhibited uniform and
continuous contact, showing minimum adhesion
defects.
=  With minimal manual intervention during the
processing, the results strongly support the
applicability of RE based repair for sustainable
polymer restoration, in alignment with -circular
economy goals.

V. SCOPEFOR FUTURE WORK

=  Mechanical testing of the repaired specimens should
be carried to evaluate their structural integrity and load
bearing performance.

= Surface treatment techniques could be explored to
further improve adhesion strength and bond line
stability during parent — patch assembly to enhance
durability.
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