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Abstract: Stained glass has played important roles in heritage building construction, however,
conventional techniques of fabricating it have become economically prohibitive due to both capital
costs and energy inefficiency. To overcome these challenges, this study provides a new design
methodology for customized 3D printed polycarbonate (PC)-based stained-glass window
alternatives using a fully open-source toolchain and methodology. This procedure involves
fabricating an additional insert made of (i) a PC substrate and (ii) custom geometries directly 3-D
printed on the substrate with PC-based 3D printing feedstock (iii) to be painted after the 3D printing
process. This alternative is intended to be used instead of traditional stained glass or, better, in
addition to conventional windows to provide stained-glass design patterns while improving
thermal insulation. Three approaches are developed and demonstrated in this study to generate
customized painted stained-glass designs using (i) online-retrieved 3D and 2D designs; (ii) custom
designs, i.e., hand-drawn and digital-drawn images; and (iii) Al-generated designs. The proposed
methodology shows potential for distributed and accessible applications in the building and
heritage sectors, especially for the repair and replication of existing conventional stained glass and
the design of new customizable products that are 50 times less expensive than traditional stained
glass.

Keywords: stained glass windows; additive manufacturing; 3D printing; distributed
manufacturing; energy efficiency; polycarbonate; economic analysis; Design for Additive
Manufacturing (DfAM); open design; open source hardware

1. Introduction

Born as an artistic decorative technique, stained glass played important historical roles in
building construction [1], particularly for heritage buildings. This technique traditionally involves
colored glass compositions assembled into complex patterns or pictorial drawings using metal-based
striped frames, known as cames, overcoming the initial technical and economic limits in producing
large glass laminates in the Middle Ages [2]. Current stained glass fabrication has changed according
to the technological advancements in material production and manufacturing, generating different
techniques and variations, e.g., Tiffany glass or painted stained glass [3,4]. These advancements have
paved the way for digital fabrication tools, e.g., CNC-cutting [5], connecting artistic skills and crafts
with industrial design and engineering. Widely adopted for Western European cathedrals in the 12th
century [6], stained glass windows have been used in different sectors, ranging from decorative
window elements to product artifacts [7]. Its applications are currently connected to (i) religious
buildings, e.g., churches, synagogues, mosques, and temples; (ii) cultural and public buildings, e.g.,
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transportation stations, libraries, or theaters; (iii) residential buildings, e.g., private houses and
rooms; and (iv) interior and product design elements, e.g., mirrors and lamps.

From the literature, most works have focused on the study of historical stained glass, e.g.,
physical and chemical analyses [8,9], their alteration due to aging, atmospheric environment, and
micro-organism action [10,11], or their restoration and conservation techniques [12,13]. In contrast,
very few studies have considered the environmental and economic aspects of stained glass in current
building applications, as well as potential alternatives through new fabrication methods [14].
Although more than half of heat loss through the outer surface of buildings can be attributed to
glazed areas, substantial progress has resulted in window technology to help reduce this energy loss
[15]. These technical advancements that can improve building efficiency have focused on
conventional windows [16], excluding specialty windows, such as stained glass. For example, many
churches, especially in Europe, were originally constructed without heating systems, but now,
heating such large and normally uninsulated buildings is economically prohibitive [17]. Stained glass
alone is energy inefficient in heating environments, as it tends to be single glazing and has metal
cames running through the entire width, which are good thermal conductors [18]. In heritage
buildings, one approach to improving energy efficiency is to replace windows [19], e.g., replacing
single-glazed windows with double-glazed windows [16]. A similar approach for retrofitting stained
glass in heating environments includes adding single or double-glazed protective glazing, which is
generally inserted on the exterior to protect the stained glass and reduce heat loss [17]. These
approaches are effective but rely on existing stained glass structures. Adding stained glass windows
to new buildings or fixing existing ones is expensive. The national average cost for new stained glass
in the U.S. is US$ 6,372/m? (US$ 592/t?) and ranges from US$ 3,380 to US$ 9,558/m? (US$ 314 to US$
888/ft2) [20,21]. Similarly, repairing stained glass costs between US$ 969 and 10,226 per m? (US$ 90 to
US$ 950/ft?), with the average cost being US$ 4747 per m? (US$ 441/ft?) [22]. These costs add up
quickly, as religious and public buildings, in particular, can have expansive window areas. For
example, a single church in Chartres has more than 2,000 m?2 (about 21,500 ft2) of stained glass [23].
Thus, replacing all of the stained glass would cost US$ 12.7 million at the average rate.

It should also be pointed out that stained glass can improve energy efficiency in hot
environments. Its use can effectively reduce solar transmittance and, thus, solar heat gain to reduce
cooling loads of buildings in summer [24] and cooling-load-dominated environments [25].
Unfortunately, the cost of stained glass is generally prohibitive in cooling-load-dominated
developing regions near the equator as well. This fact limits its real adoption in specific geographical
and socio-economic contexts, lacking accessible and suitable alternatives.

Therefore, a means to provide the aesthetic and functional customization of stained glass is
needed, allowing for the selection of energy-efficiency properties (e.g., optical properties to reduce
heat gain) while reducing the cost and, ideally, increasing thermal insulation. To this end, one
promising approach to reducing costs in glazing is to use polycarbonate (PC) [26] as an alternative
material, which offers good impact and shattering resistance, lightweight, cost-effectiveness, and
thermal insulation. Typical manufactured raw materials for buildings are coextruded PC multi-sheet
systems with chambers for insulation and UV-resistant coatings to protect them from aging [26].

In addition, a new approach to manufacturing processes that has consistently reduced costs is
distributed manufacturing. Among those, additive manufacturing (AM) processes further enlarged
the possibility of manufacturing small batches of customized parts at local levels [27-29], especially
following open-source, Design for AM (DfAM) [30], and open-design principles [31]. For example,
prosumers could justify the cost of an open-source self-replicating rapid prototyper (RepRap)-class
3-D printer [32,33] by 3D printing only one object a week and earning a 100% return on investment
after five years [34]. There is some evidence that this transition to distributed AM is underway [35].
This fact means that distributed AM could also be applied to PC feedstock. Filament-based 3D
printing, i.e., fused filament fabrication (FFF), with PC alone [36] and in mixtures is already common
and well-characterized [37,38] and can even be done from scrap PC granular waste directly thanks to
fused granular fabrication (FGF) [39,40]. Moreover, AM technologies have already been used to
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replicate complex images and 2D models as 3D-printable 3D geometry, converting existing images
into Standard Triangle Language (STL) files or 3D printing paths for gcode generation [41-43].
Nevertheless, similar approaches for energy efficiency applications in the building and heritage
sectors are still unexplored despite the potential economic and environmental benefits.

This study investigates the use of open-source material extrusion additive manufacturing to
make customizable polycarbonate-based stained glass alternatives for the building and heritage
sectors. It provides a new design methodology for 3D printed polycarbonate-based stained-glass
window alternatives following open design principles, using a fully open-source toolchain and
methodology. The proposed DfAM methodology aims to reduce the cost of new stained-glass design
elements and solve the energy efficiency issues with historic buildings using stained glass, allowing
for accessible custom stained-glass parts. This procedure involves fabricating an additional PC insert
made of (i) a PC sheet as a substrate and (ii) a custom geometry directly 3-D printed on the substrate
with PC 3D printing feedstock (iii) to be painted after the 3D printing process. This alternative is
intended to be used instead of traditional stained glass or, better, in addition to conventional
windows to provide stained-glass design patterns. Three approaches are developed and
demonstrated in this study to generate customized painted stained-glass designs using (i) online-
retrieved 3D and 2D designs; (ii) custom designs, i.e., hand-drawn and digital-drawn images; and
(iii) Al-generated designs. After presenting the methodology and manufacturing results, an optical
spectrum characterization and transmission analysis were performed on the painted surfaces to
quantify the potential heat gain reduction, as well as a preliminary economic analysis in the context
of low-resource settings.

2. Materials and Methods

The methodological workflow of the experimental 3D-printed polycarbonate-based stained-
glass window alternatives followed five steps (Figure 1):

1. Selection or design of the 2D images for the final stained-glass designs, e.g., sketches, drawings,

raster, or vector images (Subsection 2.1, Figure 2).

2. Conversion of the 2D images and creation of the 3D models saved in mesh format, i.e.,, STL

(Subsection 2.2).

3.  Slicing of the 3D mesh models and generation of the gcode files (Subsection 2.2, Figure 3).
4. Fabrication of the PC-based 3D design on the PC substrate via FFF 3D printing (Subsection 2.3,

Figure 4).

5. Manual coloring of the 3D-printed PC inserts through acrylic painting techniques (Subsection

2.3, Figures 7-10).

These steps were all completed with an open-source toolchain made up of free and open-source
software [44] and open hardware [45], following the principles of open design for the whole process
[31]. In addition, optical spectra and transmission characterizations were carried out after the
fabrication and painting steps (Subsection 2.4), and a preliminary capital cost economic analysis was
performed (Subsection 2.5). The 2D images, 3D mesh models, 3D printing profiles, and gcode files of
the different sample designs are available in the OSF repository [46].

PC-based Stained Glass 3D printing (Open-source tool chain and methodology)

Methodological 1. Selection/design  2.. Conversion/creation 3. Slicing/creation 4. PC 3D printing on 5. Manual acrylic Optical

steps of 2D images of 3D models of 3D printing files the PC substrate painting characterization
S >0 >® T pm— >

File format Raster or vector image Mesh model Text/instructions 3D printed part Painted part Quantitative

or output (jpeg or .svg) (Csth) (gcode) analysis

Figure 1. Methodology and workflow of the experimental work divided into five main design and
manufacturing steps (Steps 1-5), reporting the corresponding file format and output, followed by optical

characterization for quantitative analysis.
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2.1. Phase 1: 2D Image Selection and Design

Three approaches were demonstrated to generate customized paint stained-glass designs for 3D
printing starting from 2D raster or vector images, such as Joint Photographic Experts Group (JPG) or
scalable vector graphics files (SVG). Six different designs and samples were generated accordingly
(Figure 2), which means:

1. Online-retrieved 3D and 2D designs: collected designs made up of 3D models, i.e., sample
stained-glass window from GrabCad (Figure 2a), and 2D vector images, i.e., logo from
Appropedia (Figure 2b), both available on the Internet.

2. Custom designs, i.e., digital-drawn and hand-drawn images: novel custom designs from a
digitally hand-drawn image (Northern Lights, Figure 2c) and a digital acquisition of a pencil
sketch (Viking ship, Figure 2d), saved as vector images.

3. Al-generated designs: novel custom design from an Al image generator (Angel, Figure 2e),
saved as raster image and converted into vector.

Finally, an additional vector image of a rectilinear geometric shape was made to quantify the
total light transmission of PC-stained glass windows obtained following the proposed methodology
(Figure 2f). The specifications of the six designs are summarized in Table 1. Each sample design image
was made or modified considering square PC sheets with a 92900 mm? (1 ft?) area and a maximum
3D printable volume of 254 x 254 x 1.3 mm (10 in by 10 in x 0.05 in) for the 3D printed sample parts.

\‘-' = Y P '.""

’ “41\"’:‘3’} ‘»?4

R J%.;\Qz"‘&’;; AL INSA

=X i;‘:"é‘&,’
oy

2y

X5 WS

N
e

I PARNE N2
SN

I
/]

%
(£

T\ A
\:\& 7 ».
I

Rk T ' &
N VE&\IR®
(e) €3]

[
Figure 2. JPG and SVG images for the sample designs: (a) Notre Dame Rose Window (5G01); (b) FAST logo
(5G02); (c) Northern Lights (SG03); (d) Viking Ship (SG04); (e) Angel (SG05); and (f) Geometric calibration
pattern (SG06).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.2332.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 d0i:10.20944/preprints202505.2332.v1

5 of 22

Table 1. Specifications of the stained glass designs used for this experimental work, highlighting the design
category, the origin of the 2D design, the used file formats for 3D printed stained glass designs (image, 3D model,

and 3D printing file).
Desi D D
Sample and esign 2D design Image 3 ,3 .
Category . . model printing
nomenclature (origin) format
format format
Online Notre Dame Online designs  Retrieved design VG STL gcode
Rose Window [47] - (Section 2.1.1) (3D model, (vector)  (mesh)
5G01 online)
OnlineFASTLogo ~ Cnlinedesgns Retrieved desgn gy gy peode
[48] - SG02 - N8BS (vector)  (mesh)
online)
Digital Cre'ated CustoTn designs N ‘ VG STL gcode
Northern Lights- (Section 2.1.2) Digital drawing
(vector) (mesh)
S5G03
Custom designs  Paper drawing gcode
PE TL
Viking Boat - SG04 (Section 2.1.2) (digital JPEG 5
2. (raster) (mesh)
acquisition)
Al-
Al created Angel - ) generate.d Al-generated JPEG STL geode
designs (Section 5
SG05 image (raster) (mesh)
2.1.3)
Digital Created Geometric . SVG  SIL geode
Geometric - SG06 validation Digital Image (vector) (mesh)
(Section 2.1.4)

2.1.1. Online-Retrieved Designs

A classic design already digitally available as a 3D mesh model was selected as a first sample
design (SGO01), i.e., the Rose Window on the Notre Dame Cathedral [47] (Figure 2a). This 3D model
has an overall height of 10 mm, which can cause warping of thin PC sheets during the 3D printing
and is not required for 3D-printed stained glass fabrication. For these reasons, this 3D model design
was processed as a 2D image, as would most other 3D designs found on the Internet not specifically
made for this application. A vector logo design was selected as a second sample design (5G02) from
already available images, i.e., the Western University Free Appropriate Sustainability Technology
(FAST) Laboratory logo [48] (Figure 2b). In both cases, images were processed using the open-source
raster graphic image editor GNU Image Manipulation Program (GIMP) [49]. They were cropped, and
the color was removed using a paint bucket and auto-select tools, so the images were converted into
black and white images and then saved as raster JPG files. The images were then imported into the
open-source vector graphic image editor Inkscape (Inkscape, Boston, Massachusetts, U.S.) [50], where
they were turned into vectors and saved as vector SVG files by using the “Trace bitmap” option
according to the parameters shown in Table 2. This conversion into vector formats allows for high-
quality images with better scalability, defined lines, and edges when resized according to the
substrate dimensions, and easy to edit and manipulate them in 3D modeling and CAD software.

Table 2. Parameters for the “Trace bitmap” option in Inkscape for the conversion of raster into vector images for

the stained glass 3D printing process.

Parameters for Bitmap Creation Value
Detection Mode Autotrace
Filter Iterations 4
Error Threshold 2.0
Speckles 1000
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Smooth Corners 1.000
Optimize 0.000

2.1.2. Custom Designs: Digital-Drawn and Hand-Drawn Images

Digital drawings were prepared for the third sample design (5G03) using the open-source
painting software Krita [51]. The digitally hand-drawn image of the Northern lights was saved as a
JPG file. Then, it was imported into Inkscape and turned into a vector SVG file (Figure 2c) by creating
paths with the same settings as in Table 2.

A hand drawing of a Viking ship was completed on paper with a graphite pencil for the fourth
sample design (SG04). It was retraced with a Sharpie marker to make the lines more visible for digital
acquisition and match the stained glass aesthetics and formal language. The drawing was then
photographed with a camera phone and saved as a JPG file. Using GIMP, the image was cropped and
edited to make it monochromatic as well as improve the contrast and maximize the black point high,
increasing the accuracy of the vector conversion. As for the previous designs, it was then processed
into a vector SVG file (Figure 2d) using the parameters summarized in Table 2.

2.1.3. Al-Generated Design

The Al-generated image was created as a fifth sample design (SG05) using the open-source
generative Al software Stable Diffusion A1111 [52] with the prompt for a clear stained glass image of
an angel. The raster JPG image was then turned into a vector SVG file (Figure 2e) by creating paths
with Inkscape with the same settings as in Table 2.

2.1.4. Geometric Validation Image

A rectilinear geometric shape image with known rectilinear sizes, 254 x 254 mm, was created as
a sixth sample design (5G06) to validate the whole methodology. This validation image was intended
to calculate the total transmission of a stained glass window with different colors and shapes through
the open-source software Image] [53]. Consistent with the earlier designs, the design was next
processed into a vector SVG file (Figure 2f) using the parameters detailed in Table 2.

2.2. Phases 2 and 3: Creation of the 3D Mesh Models and 3D Printing Slicing

The SVG files of the six sample designs were imported into the open-source slicing software
Prusa Slicer v 2.9.0 (Prusa Research, Prague, Czech Republic) [54] and scaled down to the size
requirements of the experimental 3D printable PC sheets, i.e.,, 254 x 254 x 1.3 mm. The main 3D
printing slicing settings and parameters of the sample designs are summarized in Table 3. They were
sliced to a maximum height of 1.3 mm to prevent warping and match the aesthetic and formal
language of stained glass. They were then exported as gcode files and STL files (Figure 3) for the 3D
printing process.

Table 3. 3D printing parameters for polycarbonate printing on top of polycarbonate sheets.

3D printing parameter Unit Value
Nozzle Diameter mm 0.8
3D printing temperature °C 245
Build Plate Temperature °oC 105
3D Printing Speed mm/s 60
3D Printing Speed (initial layer) mm/s 30
Extrusion Flow % 100

Number of Perimeters // 3

Layer Height mm 0.8
Layer Height (Initial layer) mm 0.5

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Number of bottom/top layers /! 3

Infill percentage % 100

-

=]
-

(d) (f)

Figure 3. Images of the STL files for the sample designs: (a) Notre Dame Rose Window (SGO01); (b) FAST logo
(5G02); (c) Northern Lights (5G03); (d) Viking Ship (SG04); (e) Angel (SG05); (f) Geometric calibration pattern
(SGO06).

2.3. Phases 4 and 5: FFF Additive Manufacturing and Painting

The gcode files were used to fabricate the PC-based 3D design on the PC substrate via FFF 3D
printing. An open-source large-format Modix BIG-Meter FFF 3D printer (Modix GmbH, Koblenz,
Germany) [55,56] was used to 3D print the customized stained-glass designs with black PC filament
(CC3D, Hangzhou Zhuopu New Materials Technology Co., LTD, China) [57]. The six designs were
3D printed on 304.8 x 304.8 mm PC sheets (Plastic World, North York, Canada) used as substrates,
corresponding to an area of 92,900 mm? (one square foot) [58]. The PC sheets were secured to the 3D
printing bed with duct tape, and the starting z-height was set at the thickness of the sheet, which
means 3 mm. The auto-bed detection thus started the 3D print at just the surface of the PC sheet. In
this way, while printing, the 3D printing hotend melted some of the top surface of the sheet,
providing a complete bond between the 3D printed PC filament and the PC substrate.

The 3D printed designs were then post-processed to remove any residue material from the
process, e.g., stringing, and colored with a 1:1 ratio of paint to water using acrylic paint (Castle Arts
Supplies Ltd, Newcastle, UK, and Shuttle Art, California, US). Acrylic paints were selected for their
well-known good UV stability, matching the intended application. The painted stained glass parts
were then dried at room temperature for 1 hour before further characterization analyses.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Optical Spectrum Characterization and Transmission Calculation

The stained glass sample design of the geometric validation pattern (5G06) was used for the
optical characterization to validate the presented methodology. This sample was used to perform
optical spectrum measurements by means of a custom optical setup (Figure 4) with fiber optic cables
coupling: (i) an Ocean Insight HL-2000-FHSA Halogen Light source (Figure 4, left), which was used
to illuminate samples held in (ii) an Ocean Insight Square One Cuvette holder (Figure 4, center), and
(iii) an Ocean Insight FLAME Spectrometer (Ocean Optics, Figure 4, right) to measure the transmitted
light.

The optical transmission of the colored PC sheets was measured from 200 nm to 1040 nm to
determine the optical transmission of the acrylic paints. Data were then plotted from 400 nm to 850
nm to focus the analysis on the visible spectrum region and the first portion of the near-infrared
spectrum, according to the application studied in this work. To set up the spectrometer, a black out
and full light calibration spectra were run. The transparent PC squares were then placed on the light
side flush with the side of the cuvette hole to obtain the spectral transmission of the 3 mm thick PC,
which was 87.3. This procedure was repeated for the painted PC squares of each of the six colors used
for validation, i.e., red, yellow, light green, dark green, light blue, and dark blue. Ocean View
software was used to control the spectrometer and process measurements (Ocean Optics) [59].

Figure 4. Optical spectra characterization setup comprising a light source (on the left), cuvette holder (center),

and spectrometer (on the right).

The total optical transmission of the painted stained glass sample design (SG06) with different
colors was calculated using Image]. The optical transmission for any multi-colored window can be
given according to Equation 1:

C
7= gt 8

Where t is the transmission of color n, a is the over area n, and C is the total number of colors. To test
the ability of the image analysis software Image]J to quantify the area of the colored regions in a PC-
based stained glass image, the geometric calibration pattern (5G06) shown in Figure 2f is used and
colored according to the scheme of Figure 5. In detail, Figure 5a shows the color codes, where 1 is
red, 2 is yellow, 3 is light green, 4 is dark green, 5 is light blue, and 6 is dark blue, whereas Figure 5b
shows the known area in mm? for the each of the colored regions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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For the example of Figure 6, the total transmission is thus given from Equation 2:

_ (tiay + tya; + t3a3 + 404 + t5a5 + t6ae)

T= (2)
(a, +az +as +a, +as+ag +a,)

Where the six colors used in SG06 are taken into account and a,, is the area of the black 3D-printed
PC lines with an optical transmission of 0%. The experimental data are available in the OSF repository
[46].

C) (b)

Figure 5. Coloring scheme of the geometric calibration pattern design (SG06), showing the (a) color-coded

numbers and (b) area of each colored section in mm?.

2.5. Preliminary Economic Analysis

A preliminary economic analysis of the 3D printed PC stained glass alternatives was performed
on the six sample designs to validate their suitability in real-world distributed manufacturing
contexts, e.g., developing countries. The analysis was performed according to Wittbrodt et al. [60],
including materials and fabrication costs from electricity. The 3D printing times and costs were
quantified considering the fabrication of the geometric design as an example of a possible design,
starting from the nominal times and weights reported from the slicing in PrusaSlicer. The nominal
weight was calculated assuming an average density of 1.2 g/cm? for the 3D printed PC feedstock,
whereas the cost was US$ 19.32/kg of filament [57]. According to the producer, an average power
consumption of 1650 W was considered for fabricating the 3D printed PC path on the selected large-
format Modix 3D printer [61], i.e., 1370 W for the heated bed and 280 W for the 3D printer electronics,
with an average electricity cost of US$ 0.088, extracted from the mid-peak price period datasheet of
the Ontario Energy Board [62]. The cost of PC sheets was US$ 4.20/m? for batches lower than 100 m?
[63], whereas a low-cost acrylic paint set of the selected brand cost about US$ 22. The calculations are
available in the OSF repository [46].

3. Results and Discussion
3.1. FFF Additive Manufacturing of the Sample Designs

Figure 6 shows the 3D printed PC-based stained glass designs obtained from the FFF 3D printing
process (Section 2.3). The different sample designs (Table 1) were successfully fabricated by using the
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3D printing parameters reported in Table 3. The overall quality of the 3D printed paths is satisfactory
for all the samples. No warping and local delamination were detected during the 3D printing and
cooling times. This fact indicates the good quality of the bonding between the PC substrate and the
3D printed PC paths thanks to the bonding method described in Section 2.3, i.e., partial melting of
the substrate thanks to the partial contact of the hotend 3D printing toolpath and the substrate (Figure
6a). On the one hand, this choice helped increase the durability of the connection between the 3D-
printed part and the substrate. On the other hand, it might decrease the accuracy of the 3D printed
patterns by increasing the width of the first layer lines, also known as the “elephant foot” effect, e.g.,
SGO02 (Figures 2b, 3b, and 6b). This feature can be easily adjusted by modifying the original line width
of the 2D image and 3D mesh model, especially for custom vector designs made by the user.

The online-retrieved designs (5G01 and SG02) showed different results in terms of quality, also
connected with their original image format, i.e., raster (5G01) and vector (5G02). The former design
(Figure 6a) has intricate patterns, less homogeneous line thicknesses, and uses different widths to
reproduce complex details, e.g., the trefoil and quatrefoil shapes in the middle, requiring different
retractions and toolhead non-printing travels to be achieved, increasing the stringing effect and the
overall 3D printing times. The latter (Figure 6b), being a vector logo file, has less intricate patterns
made of similar thicknesses, which can be easily fabricated with fewer retractions and toolhead non-
printing travels. The custom designs (5G03 and 5G04) showed the highest accuracy and 3D printing
quality thanks to the use of lines with consistent widths during the drawing phase, resulting in
uniform widths of the 3D printed paths, as visible in Figures 6c and 6d. The Al-generated design
(5G05) showed the same issues as SGO1 in terms of the width of the 3D printed paths, especially
visible from the solid black PC areas of the last top layer (Figure 6e). This result is in line with the
original format of the 2D image, i.e., raster, and the different formal language of the picture, which
has big black drawing portions and very small intricate white details not suitable for the selected
nozzle diameter of 0.8 mm (Figure 2e). Finally, the geometric validation image (SG06) reached
accuracy levels comparable to the custom designs, in line with the homogeneous line width used for
its realization.

These qualitative results show the feasibility of 3D printing design patterns with different shape
and geometry complexity. They also highlight the need for optimized 3D path designs to achieve
optimal results, i.e.,, reduced stringing and increased shape and line width accuracy, requiring
approaches toward DfAM. As suggested by works on tunable 2D paths for 3D printing [42,43], the
conversion of the 2D designs into 3D printing paths can be optimized to reduce the creation of shape
defects from the approximation due to the nozzle diameter and movement path generation, e.g.,
controlling their width and the distance between the lines. The 3D printing quality of the patterns can
also be improved by using different nozzle diameters to fabricate different line widths of the 2D
image, especially when using a multi-toolhead or dual-extruder 3D printer as the Modix. For
instance, the 3D mesh model can be divided into two separate portions, each to be assigned to a
specific hotend mounting different nozzle sizes, e.g., 0.8 mm for the main paths and 0.4 mm for fine
details. This choice can also increase the aesthetic possibilities that can be achieved by 3D printing
stained glass alternatives, increasing the potential uses by applying DfAM principles.
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Figure 6. 3D printed stained glass sample designs with black PC filaments on clear PC sheets substrates of (a)
Notre Dame rose window (5G01) during the 3D printing process and post-printing of: (b) FAST logo (SG02); (c)
Northern Lights (5G03); (d) Viking Ship (SG04); (e) Angel (SG05); and (f) Geometric calibration pattern (SG06).

3.2. Aesthetic Production of Designs
3.2.1. Online-Retrieved Designs

Figure 7a shows the painted stained glass alternative of the Rose Window on the Notre Dame
Cathedral design (SG01). As can be seen in the image, the non-uniform effect of using the watered-
down acrylic paint creates an authentic-looking old-colored glass effect. As the design has a high
fraction of dark blue and red, the overall transparency of the window is also high. This fact is because
the dark blue and red paints have no white in their solutions, making the colors less opaque. Figure
7b shows the finalized image of the FAST lab logo (5G02), which was painted in purple tones
according to the Western University color palette. This first approach demonstrated the feasibility of
using already available 2D images as 3D printing patterns for stained glass alternatives.
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(b)

Figure 7. 3D printed stained glass sample design of the online retrieved designs after acrylic painting: (a) Notre
Dame rose window (SG01); and (b) FAST Logo (SG02).

3.2.2. Custom Designs: Digital-Drawn and Hand-Drawn Images

Figure 8 shows the two hand-drawn stained glass sample designs made as custom patterns after
painting. Figure 8a shows the digitally hand-drawn painting of the Northern lights, while Figure 8b
shows the results from the digitally acquired sketch of the Viking ship, photographed and post-
processed to ensure consistent line widths. This approach showed the ability to customize stained
glass alternatives according to specific user's designs, increasing the range of potential options for
3D-printed stained glass.

(b)

Figure 8. 3D printed stained glass sample designs of the custom designs after acrylic painting: (a) Northern

Lights (5G03, digitally hand-drawn image); and (b) Viking Ship (5G04, digitally-acquired hand-drawn image).
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3.2.3. Al-Generated Design and Geometric Validation Image

Figure 9a shows the Al-generated sample design after painting (SG05), showing a further
potential way to customize 3D-printed stained glass alternatives. This solution can be useful for users:
(i) unable to find already available images on the Internet matching their needs; (ii) without adequate
artistic, technical, or design skills; or (iii) without enough time to design their own design patterns.
Open-source Al generation tools like Stable Diffusion can also be used to make new designs using
appropriate prompts. Lastly, basic geometric patterns (5G06, Figure 9b) can also be customized and
done using vector software without significant sketching or artistic drawing skills.

(b)

Figure 9. 3D printed stained glass sample designs after acrylic painting of the: (a) Al-generated design (Angel,
SG05); and (b) Geometric validation image (SG06) with sunlight back illumination.

3.3. Optical Transmission Validation

The optical characterization was performed on the painted geometric validation pattern (SG06)
to validate the methodology presented in this work. The optical transmission as a function of
wavelength for the six color hues selected for the validation study is shown in Figure 10. The dark
blue hue had the highest light transmission peaks in the visible region (4000-750 nm), whereas the
lowest transmission values were observed in the light green and light blue hues. This fact is because
of substantial fractions of white pigment in the formulations of light color hues, e.g., titanium dioxide,
which can scatter or absorb the light transmission, resulting in more opaque painted colors despite
their light tones and the clear substrate [64]. Some hues exhibited sharp drops in the transmission in
the 500-600 nm and 700-800 nm regions, i.e., dark blue, dark green, and red, which can be due to the
specific pigment spectral behavior from their formulation. Light colors show smoother transmittance
curves without significant peak drops, i.e., yellow and light blue, or with a flat profile, such as for the
light green hue. Furthermore, the presence of UV-blockers in the acrylic formulations to improve the
UV resistance of the paints can justify the low light transmittance values close to 400 nm, then
recovered in the visible region. This behavior is also visible in the clear PC substrate, known for its
UV resistance. Although the acrylic-painted PC stained glass uses different coloring ways than
traditional techniques, these results can be used for a preliminary assessment of the painting method,
helping optimize the painting procedure according to the desired color and light perception, e.g.,
water mixing ratio, number of painting layers, or hue mixing.
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The finalized geometric design used for validation (Figure 9b) was then used to calculate the
total optical transmission of a complete sample design painted stained glass, which also includes the
3D printed PC black design patterns. The areas of the colored regions were all calculated from the
digital design (5G06) and verified with calipers to test the accuracy of the Image] analysis. As shown
in Table 4, the values provided by Image] are within rounding error for all regions, e.g., 0.1 mm?2.
Image] can, therefore, provide good accuracy for evaluating area fractions on more complicated
patterns. It can then be used to evaluate the total optical transmission of painted 3D-printed stained
glass using the general equation for optical transmission (Equation 1), further supporting the fully
open-source toolchain. The measurements were repeated three times for each pigment to ensure the
repeatability of the procedure, but no significant differences or variations were observed. According
to Equation 2, the total transmittance of the geometric design (SG06) shown in Figure 9b is 6.46%,
strongly influenced by the 3D-printed black PC patterns (came alternatives). As for the previous
optical characterization, this assessment can be used to design geometry patterns and paint color
combinations to achieve specific requirements, e.g., daylight-transmitting surfaces or smooth-colored
light diffusion. This approach allows for flexibility in the design of the stained glass alternatives by
tuning the proportions of 3D printed black frames, clear PC, and painted surfaces.
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Figure 10. The spectral transmittance as a function of wavelength of the clear PC substrate and of the PC

substrate areas with the six sample acrylic paint hues.

Table 4. Optical transmission of the PC substrate areas with the six sample acrylic paints used in the geometric

validation design, along with the calculated areas.

Area in the Geometric

N. Color Color Transmission (%) Validation Design (mm?)
1 Red 7.5 226.9
2 Yellow 1.7 396.4
3 Light Green 0.1 219.2
4 Dark Green 7.6 354.7
5 Light Blue 6.9 364.3
6 Dark blue 21.3 413.6
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3.4. Economic Analysis

A preliminary economic analysis of the stained glass PC sample designs was performed to
validate its suitability in real-world distributed manufacturing contexts, such as developing
countries, including the base material and energy consumption costs. The 3D printing weights, times,
and costs were quantified for the six sample designs, starting from the nominal times reported from
the slicing in PrusaSlicer, as shown in Table 5. The different design patterns required less than 1 h to
be fabricated, whereas the geometric design (SG06) took about 20 minutes of 3D printing time to
fabricate. The primary cost was the 3D printing PC filament, with average weights of 20-30 g and
costs of 0.40-0.60 US$ in most cases. For instance, the geometric validation sample (SG06) used 21 g
of PC filament, which costs US$ 19.32/kg [57], so the filament cost was about US$ 0.41. Energy costs
represent a minimal percentage of the overall costs to fabricate the 3D-printed glass sample designs.
Previous work on distributed manufacturing using open-source 3D printers has already shown that
the electrical costs of 3D printing are greatly exceeded by the cost of filament [27]. The analysis further
confirmed it, reaching average values of US$ ~0.10 despite the significant impact of the heating bed
on the energy consumption of large-format 3D printers [61,65].

The secondary cost is the PC sheet. PC sheets in relatively small batches (>100 m?) can be
obtained for US$4.20/m? [63], which makes the PC experimental sheet cost about US$ 0.39. The paint
was estimated to cost only a few pennies for each sample, hence negligible in this analysis. Thus, the
total material cost per square foot is around US$ 11-12/m? (US$ ~1/ft?). For comparison, the cost of a
standard double pane window is US$ 50/m2 (US$ 4.64/t2) [66], and stained glass, as noted earlier,
costs US$ 6,372/m? (US$ 592/£t?). Thus, this approach reduces the material and energy costs for stained
glass as an alternative by more than a factor of ~50, with significant differences between parts with
optimized 3D printed paths, e.g., SG04, and designs created without the same optimization, such as
the Al-generated sample (SGO05).

Table 5. Economic analysis of the six different 3D printed PC stained glass sample designs.

3D printed path PC substrate  Total
Sample  Nominal Nominal  Material Energy Sheet cost cost
weight (g) time (min) cost (US$) cost (US$) (US$) (US$)
SG01 30.2 57 0.58 0.14 0.39 1.11
SG02 29.8 44 0.58 0.11 0.39 1.07
SG03 33.2 32 0.64 0.08 0.39 1.11
SG04 30.4 32 0.59 0.08 0.39 1.06
SG05 39.0 74 0.75 0.18 0.39 1.32
SG06 21.0 20 0.41 0.05 0.39 0.85

3.5. Potential of 3D Printed Stained Glass Alternatives Fabricated Through Open-Source Approaches

The results of this study demonstrated a new open-design approach to obtaining stained glass
alternatives using a fully open-source toolchain made up of open-source software and open
hardware-based additive manufacturing. This methodology can be applied to different 2D images
and 3D mesh models, generating customized stained-glass designs from online-retrieved files found
on the internet, as well as novel custom design patterns, either developed natively in digital media
or digitally acquired from hand-drawn on paper. In addition, open-source Al image generators can
be used to generate stained-glass designs. These approaches, as well as the whole methodology,
provide an accessible and flexible way to add or replace stained glass windows with a (i) thermally
superior, (ii) low-cost, and (iii) customizable PC-based stained glass alternative available to a broader
range of users and customers.

This application of 3D printing is in line with other work that has applied AM technologies for
buildings and cultural heritage [67]. Current AM applications include the conservation and
restoration of architectural structures, artworks, and cultural artifacts, e.g., columns or sculptures
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[68,69], as well as the design and development of entirely new artifacts, products, and artworks [70].
Among these, first attempts in partially or fully 3D print stained glass-like parts have been emerging
recently, ranging from small Do-It-Yourself samples [71] and colored epoxy casting into 3D printed
cames [72] to commercial 3D printed clear resin windows mounted into 3D printed frames after
painting [73]. To this end, the open design methodology presented in this work can support the real
implementation of stained glass alternatives in different contexts. Specifically, broken stained glass
windows that need to be replaced could be replicated in PC and inserted into the window opening
directly or as part of a sandwich with a conventional clear window. In addition, new stained glass
windows could be designed to be used in cultural buildings and public spaces or as part of new
products or hybrid craft practices [14]. Existing historical designs can also be replicated in different
geographical contexts, either for replicative or educational purposes, taking advantage of the
distributed nature of AM technologies. Lastly, using secondary raw materials from scraps and
byproducts can pave the way to distributed 3D-printed stained glass alternatives from locally
recycled feedstocks, following the principles of distributed recycling for additive manufacturing
(DRAM) [39,74]. These materials are currently used to fabricate several products with large-format
3D printers, including architectural elements and artistic artifacts [75]. Stained glass alternatives can,
therefore, further enlarge the available applications in real-world scenarios, e.g., specific geographical
or low-resource settings.

The rectilinear geometric shape-related analysis successfully demonstrated that open-source
Image] software can be effectively utilized to quantify the areas of stained glass for quantitative
evaluations. These areas can then be coupled with measured optical spectral transmission
measurements to gain complete transmission values of full stained glass window alternatives with
more complex shapes and designs, as shown in the previous section. This achievement can help
design custom patterns according to the desired needs, e.g., specific transmission and diffusion of the
window, changes in the ratios between the black frames and the painted clear PC, or adjustments in
the painting mixing and procedures. The total optical transmission values found show substantial
promise for PC-based stained glass windows to reduce solar heat gain coefficients for windows
everywhere, but most importantly in areas with substantial cooling loads.

3.6. Limitations and Future Work

This research presents some limitations to be further studied in future work. For instance, a
quantitative assessment of the bonding between the PC substrate and 3D printed paths was not
included in the experimental work. Future research can, therefore, study the adhesion of the 3D
printed parts onto the substrate, e.g., through pull-off tests. Similarly, the dimensional accuracy of
the 3D printed paths should be investigated through quantitative measurements, e.g., comparing the
nominal and actual line widths through imaging with Image]J. This analysis can also be matched with
the optimization of the design and fabrication of the 3D printing paths to increase the shape accuracy
of complex geometrical shapes while decreasing retractions, travel movements, and 3D printing
times, according to DfAM principles. Another limitation of this study was the exclusion of labor for
the economic analysis, which only attempted to quantify material and energy consumption costs. The
results of the economic analysis showed that PC-based stained glass alternatives have the potential
to cut that price by a factor of 50. Labor costs would include the labor to set up the 3D printing process
(minor), as well as to color the PC, which could be substantial depending on the labor costs. Thus,
the labor costs may be more expensive than the equipment. The energy efficiency of the proposed
stained glass alternative should also be evaluated to validate its use in different geographical and
socio-economic contexts, and future work is needed to quantify the potential energy savings for such
PC-based stained glass windows applications.

Additional work can be done to further spread the potential use of the proposed stained glass
alternatives. For instance, it is possible to use a multi-toolhead or multi-extruder 3D printer to fully
3D print stained glass designs with translucent filaments of different colors [76], but this approach
was not used here because of the current unavailability of translucent PC filaments. Thus, substantial
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future work is needed to develop such filaments using recycled PC and open-source waste plastic
extruders, e.g., recyclebots [74,77]. Different nozzle diameters could also be matched in a single
design pattern by means of multi-toolhead or dual-extruder 3D printers, assigning specific nozzle
sizes to geometrical features with different line widths and intricate shapes, optimizing the
fabrication process and enlarging the design flexibility. Another approach could be the Hueforge
filament painting approach of 3D printing very thin colored filaments that are effectively semi-
transparent to make images [78]. In the future, using a multi-toolhead or multi-material 3-D printer
to deposit different filament colors on top of UV-stabilized PC sheets is an area to be explored for
complete stained glass replacements. There have been efforts to convert conventional images to
stained glass-like images using a combination of image warping, segmentation, querying,
colorization, and texture synthesis [79]. This approach was used here with Stable Diffusion, as stained
glass images have also gained popularity with the Al-based art community [80]. Thus, if combined,
future work could develop a completely integrated software package for file conversion. This option
could allow users to convert a 2D image in a single step to a 3D model and color map file to be fully
manufactured on an open-source 3D printer, including coloring, relying on a fully open-source
toolchain and methodology.

4. Conclusions

This work explored the use of open-source AM technologies to fabricate PC-based stained glass
alternatives for the building and heritage sectors, providing a way for customizable, low-cost, and
thermally superior options compared to conventional products. It presented a new DfAM
methodology for 3D printable stained glass alternatives based on open design principles, i.e., using
a fully open-source toolchain for all the steps. Different design patterns were created through three
approaches, i.e. from online-retrieved 2D images or 3D models, custom digitalized or digital
drawings, and Al-generated 2D images. The six sample designs were successfully fabricated using
PC sheets as substrates for 3D-printed custom geometries made in PC, which were then painted with
acrylic colors. The methodology was then validated through optical characterization with open-
source software and a preliminary economic analysis, highlighting the potential use of these
alternatives in specific geographical and low-resource settings.

According to the results, different geometries can be fabricated with this approach starting from
different sources and formats of the 2D images, e.g., raster or vector files. The custom designs and
the vector image sources showed the best results in terms of 3D printing quality and accuracy of the
intended shapes, allowing for the optimization of the drawing lines and resulting in optimized 3D
printing toolpath generation, such as limited retractions and stringing from travel movements.
Further optimization of the 3D printing paths can increase pattern fidelity and design flexibility,
especially using multi-nozzle and toolhead 3D printers. Optical spectrum characterization of the
painted, stained glass showed different transmittance behaviors due to the acrylic painting hue,
whereas the total optical transmission could be estimated based on the specific geometry pattern and
the distribution of the different colored and 3D printed areas. This open-source evaluation can be
used to customize stained glass alternatives according to the desired light transmission and heat gain
behaviors by tuning the 3D printed pattern geometry design and the painting process. Finally, the
economic analysis shows substantial cost reduction when using large-format AM technologies and
PC as the main material, i.e., up to 50 times less expensive than traditional stained glass.

The proposed methodology shows potential for distributed and accessible applications in the
building and heritage sectors, especially for the repair and replication of existing conventional stained
glass and the design of new customizable products. Despite the need for further work, initial results
show potential application in climate environments to reduce solar heat gain coefficients and
manufacturing costs while allowing for design flexibility and aesthetic customization. Future
research should (i) deepen the characterization of the fabricated parts, e.g., the dimensional accuracy
and bonding of the 3D printed path; (ii) explore multi-extruder and toolhead systems for automated
coloring and intricated frame details; (iii) optimize the conversion of the 2D images into 3D printing

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.2332.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2025 d0i:10.20944/preprints202505.2332.v1

18 of 22

paths; and (iv) quantify the energy saving of the proposed stained glass alternatives. Overall, the
open design methodology proposed in this work offers an accessible way to foster low-cost,
customizable, and energy-efficient architectural and design applications for the building and heritage
sectors in broader geographical and socio-economic contexts.
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