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Geometric deviations play a crucial role in the quality of additive manufacturing, particularly in parts
made with biodegradable resins. Accurately controlling dimensional and geometric variations in manu-
factured components is critical for achieving defect-free production and meeting functional standards.
However, defining a final quality score can be challenging due to the numerous dimensional and geo-
metric deviations associated with a part. An innovative metric for evaluating geometric performance was
created to measure dimensional precision in components produced through VAT photopolymerization.
The index measures the dimensional and geometrical deviations, revealing that external surfaces exhibit
greater precision than internal ones. This difference is likely due to internal surfaces overcoming heat
dissipation challenges during the cooling process, resulting in less shrinkage for external surfaces. This
index is essential in various stages of the manufacturing process, including part design, design for ma-
nufacturing and assembly, quality assurance, and process planning, helping to select the appropriate
additive manufacturing technology and optimal process parameters.

Keywords: Additive Manufacturing, Geometric Product Specifications, VAT photopolymerization, Biodegradable

resin, Performance Index

1 Introduction

Additive Manufacturing (AM) is based on creating
3D components, depositing layer after layer up to re-
ach the desired shape. Unlike subtractive manufactu-
ring, the process is relatively faster and has less mate-
rial waste production. Considering the state of the
used materials, vat photopolymerization, also known
as stereolithography (SLA), is the oldest technology; a
laser photopolymerized a resin in a liquid state to ob-
tain the final object. Masked stereolithography
(MSLA) is an evolution of SLA, and it is faster since
each layer is printed all at once [1].

When it comes to 3D printing, polymers are widely
used due to their low cost and chemical resistance |2,
3]. In the last decade, different studies have been con-
ducted on vat photopolymerization to discuss the fe-
asibility of using biodegradable biomaterials as a sub-
stitute for petroleum derivatives to reduce pollution
and their potential application in biomedical fields [4,
5]. They focused their attention on the influence of the
resin on the dimensional deviations of the manufactu-
red parts. Each resin has a different colour dye in a
suspended form, which might produce different
effects on the dimensional behaviour during the

printing process [6]. Other studies discuss how diffe-
rent printing positions on the building plate can lead
to different results regarding dimensional deviations
and deformations of the part geometry. Some build
angles are 0°, 45°, and 90° concerning the z-axis. 0°
and 45° are widely chosen because the accuracy of
printed parts is very high [7]. A parameter connected
with the printing direction is the printing time. Speci-
mens that are printed at 0° require less printing time.
Some specimens need support to be printed, hence
choosing the right build angle leads to low material
consumption since 0° minimizes the supports’ quan-
tity. The right combination of the build angles and
supports can optimize the material consumption and
the printing time for the part to be printed [8, 9].

All the works of the literature deal with dimensio-
nal or form deviations of the parts manufactured by
vat photopolymerization process. Analyzing dimensi-
onal and geometric variations in the manufacturing
process is essential for producing high-quality parts
and assembling them to meet specific functional
requirements [10-15]. The considered biodegradable
resin is largely used in the biomedical field [16]. Previ-
ous works studied benchmark deviation as a function
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of printing parameters [17]. Recent works of the aut-
hors studied both dimensional and geometric deviati-
ons using a Fused Filament Fabrication technique [18,
19] discovering the possibility of analysing a ben-
chmark through a synthetic performance index [20].
An overall performance index was proposed in [21] to
take into account mechanical strength and geometric
accuracy of the part.

This study aims to contribute to the field of addi-
tive manufacturing by introducing an SGPI to evalu-
ate the overall geometric accuracy of parts produced
via MSLA using biodegradable resins. While prior re-
search has analyzed either dimensional or geometrical
deviations individually, this work uniquely integrates
both aspects into a comprehensive metric. By doing
so, the SGPI offers a unified approach for assessing
part quality, simplifying comparison between different
surfaces and parts, and enabling a more informed se-
lection of process parameters and technologies. Mo-
reover, using a customized benchmark geometry to
highlight internal and external features allows for a
more nuanced understanding of how biodegradable
resin behaves under MSLA conditions. This contri-
bution is particularly relevant for sustainable manu-
facturing and biomedical applications, where precision

—©

and environmental impact are critical factors. The
printer and resin used were then introduced, along
with technical data on the printer and print setup used.
The measurement results obtained were compared
with the nominal values of the CAD model. A novel
synthetic performance index was created, combining
all dimensional and geometrical deviations [22] to ob-
tain a single value that can be analysed to define the
quality of the benchmark.

2 Material and method

Many existing benchmarks for assessing process
capability feature cylindrical elements and protrusions
have been made [23]. However, this study emphasizes
internal hollows within a part, which present greater
challenges in cooling. Additionally, various hollow
shapes were included to capture a wide array of geo-
metric deviations. The benchmark proposed in this
work is an 80 x 50 x 10 mm rectangular parallelepiped
with some holes and slots of different shapes (Fig. 1).
The part was created through an MSLA printer, Orig-
inal Prusa SL1 by Prusa Research (Fig. 2, step: pro-
cessing).

Fig. 1 Benchmark part: Technical drawing and nominal dimensions (left) and abbreviations of relevant geometrical features (right)

The vat photopolymerization is a standardized
technique based on the photopolymerization of a ma-
terial in the liquid state, which absorbs heat and hard-
ens thanks to the formation of links in the chemical
structure. An evolution of this AM technique is the
MSLA. It s called masked because it replies to its orig-
inal process but uses a different UV light source. In-
stead of a UV laser, there is an LED array composed
of squared pixels under the printing platform that is
transparent thanks to a film put underneath. Only the
pixels that serve to shape the layer during the printing
process are light up. The main advantage is that each
layer is polymerized all at once. Furthermore, it is

possible to manufacture more than one part for print-
ing without increasing the final printing time.

A biodegradable resin, ANYCUBIC Plant-based
UV Resin, was used. Compared to normal liquid re-
sins, this is manufactured from soybean oil. In fact,
45% of the chemical composition is plant-based:

e 45% concentration of Fatty acids, soya, epo-
xidized, Butyl esters;

e 30% isooctyl acrylate (monomers);

e 15% 2 -2,2 - Bis [[(1 - oxalyl) oxy] methyl]
butoxy| methyl| - 2 - ethyl - 1,3 - propanediol

diacrylate (monomers);
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e 5% 2-hydroxy-1-(4-(4-(2-hydroxy -2 -
methyl propionyl) benzyl) phenyl) - 2 - me-
thyldopa - 1 - one (photoinitiator);

¢ 5% colour pigment.

Morteover, the resin can be used at different wave-
length ranges, which makes it easy to use with diffe-
rent printers and parameters. Furthermore, it has pro-
perties similar to regular resin in a normal environ-
ment, but it is compostable if the printed parts are
ground and put in a composter [24].

The first step to obtaining the benchmark was pre-
paring the benchmark solid model and exporting it as
an STL file. The model was then sliced using Prusa
Slicer® software, which positions the part on a virtual
build plate, allowing for the adjustment of all printing
patameters and simulating the part's creation [25].

At first, two main configurations were analysed to
choose each part’s optimal position in the buildspace.
Since the benchmark was completely flat, laying it
down on one side of the build plate without support
was better. This reduced the printing time substan-
tially because of fewer layers. Therefore, ten parts

were manufactured using parameters suggested by the
printer manufacturer [26]. Table 1 provides these de-
tails, with layer height specifying the thickness of each
printed layer. Furthermore, the exposure time, or du-
ration for which each layer is cured, was defined. Dis-
tinct times were set for the initial layer and subsequent
layers. Usually, the first layer is cured for more time
for good adhesion on the printing platform. Further-
more, an almost completely cured first layer is needed
to avoid sagging in the structure during the printing
process, since the process is made upside-down.

Usually, SLA parts, once printed, need some post-
processing operations. The number of operations
increases in this specific case due to the different me-
thodologies. For instance, the printing platform is
fully immersed in the resin tank to realize the
following layer at each layer. The result is a part with
non-polymerized resin residues on the outer surfaces.
To remove these, the part is put into a washing tank
with isopropyl alcohol for 5 minutes; then dried using
hot air for 3 minutes and cured with UV light for 3
minutes in the Prusa CW1 (curing and washing sta-
tion) (Fig. 2, state: post-processing).

'
Processing: Running the print job i SL1 printer

(left) and removing the final part (right)

Pre-Processing: Setting the
parameters of the print job

Post-Processing of the part:
cleaning, drying and curing

Fig. 2 Process from 3D-CAD muodel to the finished benchmark part
Tab. 11 alues of printing parameters set during pre-processing

Parameter Value
Print Orientation 0°
Layer Height 0.1 mm
Initial layer height 0.1 mm
Exposure time 13 seconds
Initial exposure time 70 seconds

3 Measurement procedure

A structured light-based coordinate measurement
system was employed to evaluate how different prin-
ting parameters and resin types impact the dimensio-
nal accuracy of the printed parts. This approach cap-
tures the object from various angles to reconstruct it
as a 3D model. The ATOS Core 200 by GOM

(Fig. 3), capable of scanning parts up to 500 mm, was
used with a measuring area of 200 x 150 mm and sen-
sor dimensions of 206 x 205 x 64 mm [27]. It captures
images from distances up to 250 mm, achieving a ma-
ximum resolution of 0.08 mm.

For the measurement process, fringe patterns are
projected onto the part’s surfaces and recorded by two
cameras functioning on the Triple Scan Principle.
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The measurement began with preparing each part in-
dividually. Aedrox NQ1 spray was applied to create a
matte finish, reducing light reflections and enhancing
scan quality. Markers were placed on each part’s
surface, which the camera automatically detected du-
ring scanning, facilitating precise alignment. Once
prepared, the part was positioned on a swivel plate to
initiate the image capture process (Fig. 3). GOM Scan
software was utilized to capture images and convert
them into 3D representations of the measured part.

Scanning area (blue)

Mapping in GOM Inspect: The
nominal STL model (from CAD) and
the scanned STL-Model are mapped

The software automatically calculates the photograms
and generates a 3D mesh of the part.

GOM Inspect software [28] was employed to com-
pare the nominal STL model with the measured STL
version. The nominal and measured solid models were
registered using the Gaussian best-fit method (Fig. 3,
mapping). Once registered, the measured clouds of
points were elaborated through the least squares algo-
rithm to estimate the dimensional and geometrical de-
viations from the nominal (Fig. 3, measurements).

The measurements of dimensions
and tolerances are defined and
analysed in GOM Inspect.

Fig. 3 Image Capturing Setup and further processing of the resulting point-could-based STL model of the scanned part

4 Results

At first, the maximum, minimum, and average va-
lues and the standard deviation were calculated for the
dimensions of the printed patts. In Fig. 1 (right) all the
features that were considered for the analysis are
shown. The percentage difference between the mean

measurement and the nominal dimension was calcula-
ted for each feature:

.. — Nominal
Variation = E—""%

Where:
... The average/mean of the measured value of
each dimension.

100 %, (1)

Nominal

Tab. 2 Measurement results of dimensions (W = mean; 0 = standard deviation)

1 Nominal value Variation
Measurement . . . . o
in mm in mm in mm in %

Distance B-D 80.037 0.030 80 +0.05%
Length D 50.032 0.009 50 +0.06%
Distance O-N 10.019 0.006 10 +0.19%
Diameter cylinder F 11.932 0.022 12 -0.57%
Diameter cylinder 1 11.939 0.020 12 -0.51%
Length H 12.966 0.042 13 -0.26%
Width H 4.976 0.062 5 -0.49%
Length M 11.918 0.027 12 -0.68%
Width M 11.888 0.030 12 -0.93%
Width L 24.864 0.036 25 -0.54%
Length L 11.034 0.035 11 +0.31%

It can be noticed that the dimensions differ very
little from the nominal between -0.93% to +0.31%.
The results in Table 2 indicate that external surfaces
are more accurate than internal ones. The percentage
variations range from 0.05% to 0.19% for external sur-
faces and -0.93% to +0.31% for internal surfaces. Mo-
reover, the geometrical deviations were evaluated (see
Table 3). The average value of cylindrical surfaces ran-
ges from 0.017 mm to 0.579 mm, with a standard

deviation of 0.008 mm up to 0.066 mm. In compari-
son, the average value of plane surfaces ranges from
0.072 mm to 0.469 mm, with a standard deviation of
0.009 mm up to 0.131 mm. The observed dimensional
and geometric discrepancies in parts produced with
biodegradable resin are similar to those in non-biode-
gradable resin under the same manufacturing techno-

logy.
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Tab. 3 Measurement results of geometrical deviations (u = mean, o = standard deviation)

M Maximum Minimum n Range o
easurement . . . . .
in mm in mm in mm in mm in mm

Parallelism L. 0.326 0.164 0.251 0.162 0.048
Perpendicularity L 0.092 0.060 0.072 0.032 0.009
Position L 0.566 0.209 0.381 0.357 0.112
Perpendicularity M 0.109 0.057 0.076 0.052 0.019
Parallelism M 0.189 0.124 0.143 0.065 0.023
Position M 0.670 0.280 0.469 0.390 0.131
Perpendicularity H 0.357 0.154 0.243 0.203 0.058
Parallelism H 0.396 0.244 0.328 0.152 0.058
Perpendicularity F-N 0.036 0.008 0.017 0.028 0.008
Perpendicularity F-O 0.037 0.010 0.019 0.027 0.008
Cylindricity F 0.145 0.112 0.130 0.033 0.012
Position 1 0.698 0.513 0.579 0.185 0.066
Perpendicularity I-N 0.044 0.015 0.024 0.029 0.009
Perpendicularity I-O 0.040 0.004 0.022 0.036 0.009
Cylindricity 1 0.130 0.104 0.115 0.026 0.009
Perpendicularity C-B 0.278 0.106 0.205 0.172 0.056
Perpendicularity N-B 0.283 0.144 0.211 0.139 0.041
Perpendicularity O-B 0.236 0.185 0.208 0.051 0.016
Perpendicularity N-C 0.253 0.111 0.204 0.142 0.050
Perpendicularity O-C 0.231 0.112 0.202 0.119 0.046
Parallelism B-D 0.480 0.305 0.390 0.175 0.064
Perpendicularity C-D 0.238 0.111 0.168 0.127 0.039
Perpendicularity N-D 0.323 0.184 0.250 0.139 0.045
Perpendicularity O-D 0.309 0.149 0.225 0.160 0.050
Flatness B 0.385 0.339 0.368 0.046 0.018
Flatness C 0.409 0.365 0.389 0.044 0.021
Flatness D 0.379 0.327 0.346 0.052 0.020
Flatness N 0.517 0.373 0.446 0.144 0.050
Flatness O 0.372 0.323 0.348 0.049 0.020
Parallelism O-N 0.416 0.357 0.382 0.059 0.019

5 Discussion

A large number of dimensional and geometrical
deviations were collected for the printed parts and ge-
nerally are collected industrially for the manufactured
workpieces; so, it was looked for a way to combine
these evaluations in a unique synthetic performance
index that summarizes the quality of the patt. It was
calculated a Synthetic Geometrical Performance Index
by combining the dimensional and geometrical devia-
tions, which was considered independent, in such a
way:

SGPIgyrface = ,/Z?:l DRi2 [mm], @

Where:

DR;...The i-th dimensional or geometrical devia-
tion related to the manufactured surface among its n-
deviations, such as a dimensional deviation from no-
minal, a flatness or cylindricity deviation, and so on.
Each i-th deviation was assessed by calculating the
range between maximum and minimum values for di-
mensions and using average values for geometric de-
viations. A higher SGPI value indicates lower accuracy

of the manufactured surface, while a lower value re-
flects improved feature quality.

The average SGPI for a surface was determined by
dividing its SGPI value by the total number of contri-
butions, allowing for a straightforward assessment of
each contribution:

SGlgyr
SGPISurfaceAVg - sn face [mm], (3)

Table 4 presents the results for each manufactured
patt's surface, with SGPIsufce values varying between
0.152 mm and 0.643 mm, and average SGPI values
spanning from 0.038 mm to 0.446 mm. Ultimately, the
SGPI for each manufactured part, as listed in Table 5,
was computed to indicate each patt's quality.

SGPlpare = /Zjn;1 YL, DR;? [mm], )

Where:

DRyj... The i-th deviation associated with the j-sur-
face of the manufactured part.

The results in Table 5 show a stable printing pro-
cess with a 12% variation throughout the printing
parts.
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Tab. 4 SGPI (reading instruction: “the smaller the index; the higher is the accuracy/ quality”; W and 1L are respectively width and
length; the used symbols for the geometrical tolerances are following the symbols applied in GDT standards from ISO and DIN)

Surface Dimensional and geometrical deviations in mm SGPIsustace [mm]  SGPIsucfaceavg [mm]

D wo0.02 [B039 1CO016 1NO025 10023 [3035 0.643 0.107
B L0.09 1C02 1NO021 10021 [3037 0.522 0.104
C AN 020 10020 [30.39 0.483 0.161
N 7 0.45 0.446 0.446
O L0.02 [30.38 IN 0.35 0.517 0.172
F @008 #4013 1NO0.02 1LOO0.02 0.152 0.038
1 ©0.06 #4012 1NO0.02 L0O0.02 +0.58 0.594 0.119
H L010 WO0.18 12033 L110.24 0.458 0.115
M L 0.01 W 0.08 I8 0.14 170.08 +0.05 0.502 0.100
L L0.12 WO0.12 [I10.25 140.07 40.38 0.492 0.099

Tab. 5 SGPIp,, of part quality. This index provides a practical tool for

Benchmark part identifying critical surfaces, optimizing printing pa-

number SGPIp. [mm] rameters, and guiding technology selection in design

1 167 and process planning.

5 1' 65 Beyond characterizing part quality, the SGPI ena-

3 1' 42 bles data-driven optimization of additive manufactur-

4 1' 63 ing processes, supporting decision-making throu-

5 1' 43 ghout the product development cycle. It has the po-

6 1' 65 tential to be employed not only in quality control but

- 1' 59 also early in the design phase, in alignment with design

3 1' 65 for manufacturing, assembly, and sustainability goals.

9 1' 47 Future work will validate the SGPI's generalizabi-

10 1' 54 lity across different AM technologies, resins, and pa-

6 Conclusion

This study advances the field of sustainable addi-
tive manufacturing by applying a SGPI to parts pro-
duced via MSLA using a biodegradable, plant-based
resin. The goal is to evaluate, with the use of MSLA
technology, the dimensional and geometric deviations
in parts fabricated from biodegradable resin.

The experimental results reveal that external sur-
faces exhibit higher precision than internal ones, with
dimensional deviations ranging from +0.05% to
+0.19% externally and —0.93% to +0.31% internally.
This trend is likely caused by reduced heat dissipation
in internal features during curing. Geometrical devia-
tions were found relevant, spanning from 0.017 mm
to 0.579 mm, with results comparable to those ob-
tained using conventional, non-biodegradable resins
under similar conditions. To express the quality of the
part produced by MSLA, a synthetic geometrical pet-
formance index (SGPI) was introduced. The part's qu-
ality increases as its value decreases.

The SGPI effectively consolidates numerous di-
mensional and geometric deviations into one metric,
enabling simplified evaluation and direct comparison

rameter sets to confirm its effectiveness in broader in-
dustrial applications [22].
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