
1

INTRODUCTION

3D printing technology, also known as addi-
tive manufacturing, has revolutionized numer-
ous fields of science and industry in recent years, 
enabling the rapid and cost-effective produc-
tion of complex components with non-standard 
shapes. One area in which 3D printing is finding 
increasingly widespread application is optics—
particularly in the rapid prototyping of lenses and 
other optical elements. Traditional methods for 
manufacturing lenses, such as grinding and pol-
ishing glass or injection molding of polymers, are 
time-consuming, expensive, and require special-
ized tooling [1]. The introduction of 3D printing 

technology has opened new possibilities in the 
areas of customization, iterative design, and rapid 
prototyping of optical components at relatively 
low cost. An optical lens can be defined as a device 
capable of transmitting and refracting light pass-
ing through it [2]. Lenses can be manufactured 
from glass, polymeric materials, or potentially 
any other material possessing suitable optical 
properties. A lens is constructed in such a way as 
to enable the formation of either reduced or mag-
nified images. The primary functions of lenses 
are to focus or disperse light. This allows for the 
magnification or reduction of images. Differences 
in the curvature of lens surfaces affect their abil-
ity to refract light in a specific manner, tailored 
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to particular requirements and applications [3]. 
The primary area of application for optical lenses 
is ophthalmology. However, lenses are also used 
in various optical instruments, such as projec-
tors, sensors, and lighting systems [4]. In manu-
facturing markets, there is a growing demand for 
production as well as a need for further techno-
logical development in the field of image process-
ing methods utilizing optical components. The 
microlenses designed by the authors for lab-on-a-
chip devices may prove useful in the production 
of devices such as three-dimensional displays, 
solar cells, photodetectors, or fiber optic systems 
[5–6]. In publication [7], the manufacturing pro-
cess of lenses made from transparent photosen-
sitive resins using SLA technology is presented. 
These lenses are used as coatings for high-power 
white light-emitting diodes (WLEDs). In order to 
achieve the desired and uniform direction of illu-
mination as well as collimation, research has been 
initiated into alternative methods for lens fabrica-
tion. In the literature [8,9], the authors highlight 
the drawbacks of conventional lens manufactur-
ing methods, which are associated with a high 
degree of production complexity, long production 
cycles, and high material costs. The increasing 
prevalence of 3D printing has led to significant 
changes in the approach to lens manufacturing, 
offering the possibility of faster prototyping, cost 
reduction, simplified assembly, and greater design 
flexibility. Lenses produced using 3D printing 
technology can be applied in many industries, 
such as optics, metrology, machine construction, 
automotive, and aviation [10–11]. Despite the 
growing popularity of 3D printing technology in 
the production of optical lenses, especially using 
the SLA method, quality control and defect detec-
tion remain challenges due to the complexity of 
processes and subtle material flaws. Current qual-
ity control methods are often time-consuming and 
unsuitable for rapid prototyping. The introduction 
of artificial intelligence models, such as Isolation 
Forest, for automatic anomaly detection at early 
stages of production is an innovative approach 
that can significantly optimize the process and 
improve product quality. This work fills this gap 
by demonstrating the possibility of combining 
the 3D printing process using SLA with defect 
detection through a classical AI algorithm, open-
ing new opportunities for the fast and economical 
production of high-quality optical lenses.

In the lens manufacturing market, there are 
various types of 3D printing technologies, such as 

FDM, SLS, DLP, and PolyJet. However, accord-
ing to information provided in the literature, ste-
reolithography (SLA) is currently regarded as the 
most promising method for the fabrication of opti-
cal lenses [12–14]. The SLA technology enables 
the achievement of very high precision, surface 
smoothness, and print clarity, which are crucial 
for the production of optical components [15]. In 
study [16], the process of manufacturing and utiliz-
ing a proprietary resin curable with visible light is 
presented. Optical products fabricated using SLA 
technology from photopolymer resins are increas-
ingly replacing expensive commercial products 
due to their excellent optical properties and the 
ability to dye the resin during its preparation. This 
allows for precise adjustment of material param-
eters to specific applications while simultaneously 
reducing production costs [17–19].

The authors of article [20] note that, in terms 
of stability and surface roughness, optical ele-
ments made of glass serve as the reference mate-
rial for all polymer lenses. To assess quality, the 
authors compared spherical microlenses with 
diameters of 1 mm and 2 mm to readily available 
glass equivalents from Edmund Optics. The 3D 
printing technique offers greater design flexibility 
and lower manufacturing costs. However, direct 
comparison of glass and polymer optical micro-
components can be problematic, especially in 
the case of hard-to-obtain aspherical glass lenses 
with a diameter of 1 mm. The production of poly-
mer lenses using 3D printing involves numerous 
technological and material challenges. Rapid pro-
totyping of optical components by means of 3D 
printing is associated with a range of technologi-
cal difficulties. The most important of these con-
cern achieving the appropriate optical properties 
of the printed lenses, such as high transparency, 
optical homogeneity, and precise shape reproduc-
tion. During the printing process, defects such as 
layer boundaries, air bubbles, or microcracks may 
occur, which can significantly reduce the optical 
quality of the lenses [21]. Therefore, the selec-
tion of photopolymer resins with optical proper-
ties comparable to those of traditional polymers 
remains an important issue, as currently available 
materials often do not fully meet optical standards 
and require further research. The production of 
lenses most commonly involves the use of photo-
polymer resins or thermoplastic polymers, which 
must meet stringent requirements regarding light 
transmission, chemical and mechanical stability, 
and compatibility with the printing process [22]. 
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Additionally, printed lenses require time-consum-
ing and precise surface finishing processes, such 
as polishing or coating, to achieve the necessary 
smoothness and transparency. The lens produc-
tion process should be optimized to reduce mate-
rial waste and ensure proper disposal, including 
special disposal methods for certain materials. 
The lack of standardization in 3D printing tech-
nology and finishing process automation com-
plicates the implementation of mass production, 
while the certification process for new materials 
and technologies according to ISO and FDA stan-
dards is lengthy and costly [23].

MATERIALS AND METHODS

Materials

In the rapid prototyping of optical lenses 
using 3D printing technology, the proper selec-
tion of materials and a thorough understanding of 
their optical and technological properties are of 
key importance. The scientific literature describes 
a variety of materials used for the fabrication 
of optical components by means of 3D printing 
[24–26]. However, in additive 3D printing tech-
nology, photopolymer resins cured with light of 
a strictly defined wavelength are most commonly 
used [27]. Therefore, photopolymer resins were 
selected for the lens manufacturing process using 
3D printing technology due to their properties 
that enable the production of high-quality optical 
components. Photopolymer resins exhibit a wide 
range of mechanical properties—from flexible to 

very rigid—high transparency, and the possibility 
of further finishing processes such as grinding or 
polishing. Their composition includes monomers 
and oligomers, photoinitiators, and additives that 
modify mechanical and optical properties [28]. 
3D-printed lenses must meet stringent optical, 
dimensional, and mechanical requirements. One 
of the main technological challenges is the anisot-
ropy of optical properties, manifested as varying 
transparency and strength depending on the print-
ing direction. In the Z axis, perpendicular to the 
layers, increased light scattering is observed at 
interlayer boundaries, while in the X/Y axes it is 
possible to achieve acceptable optical homogene-
ity. Another important technological feature is low 
surface roughness (Ra < 20 nm), which limits light 
scattering. High transparency is defined as light 
transmission above 92% in the 400–700 nm range. 
Dimensional accuracy is also essential, with toler-
ances at the level of ±0.05 mm for lenses with a 
diameter of approximately 50 mm [29]. Despite 
using manufacturer-recommended 3D printing 
parameters, the lens fabrication process still pro-
motes the formation of structural defects. The 
most common include air bubbles formed during 
resin curing, microcracks resulting from thermal 
or mechanical stresses, and chemical inhomoge-
neities caused by incomplete polymerization [30].

Methodology of the study

Prototyping of lens models

The design of lenses is a complex process in 
which precise technological requirements and 

Figure 1. Block diagram of the rapid prototyping process for optical lenses using 3D printing and AI-based 
anomaly detection
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unambiguous communication between the designer 
and manufacturer play a key role. This is a multi-
stage process in which various technological opera-
tions are carried out at each stage. The sequence dia-
gram of the manufacturing process – from design to 
the final product – is presented in Figure 1. 

In the lens design process, the ISO 10110 
series of standards is of particular importance, as it 
standardizes the way in which the quality param-
eters of optical components are described on tech-
nical drawings. This standard covers a wide range 
of issues, such as material requirements, shape 
and position tolerances, surface quality, permis-
sible material defects (e.g., inclusions, bubbles, 
stresses), centering tolerances, and specifications 
for optical coatings. Each of these parameters- 
including radius of curvature, thickness, diam-
eter, surface roughness, and the number and size 
of defects – should be clearly defined according 
to the relevant part of the standard and precisely 
recorded in the design documentation. The use of 
ISO 10110 ensures effective information exchange 
within international engineering teams, minimizes 
the risk of interpretational errors, and guarantees 
that the finished lens will meet both optical and 
mechanical requirements [31]. The lens models 
intended for research were prepared in accordance 
with the ISO 10110 standard. Autodesk Inventor 
2024 software was used to design the models. The 
set of lens models is shown in Figure 2. The solid 
model files were saved in STL format and import-
ed into PrusaSlicer software version 2.3. Instead 
of using support structures, edge rounding was 
applied at the points where the products contact 
the build plate. This solution facilitated the remov-
al of the prints from the platform and proved effec-
tive in the case of plano-convex lenses.

The process of manufacturing lenses using SLA 
technology

Selected resin materials were chosen based 
on the optical properties declared by their manu-
facturers, such as high transparency, high product 

strength, and compatibility with the 3D printer 
used for production – AnyCubic Photon Mono (see 
Figure 3). The first series of lenses was made from 
AnyCubic Clear resin. Samples from this series 
were labeled with the letter A. This is a transparent 
resin dedicated to AnyCubic Photon SLA printers, 
featuring increased strength during the curing pro-
cess. The second series of samples was made from 
3DM-Tough resin. Samples from this series were 
labeled with the letter T. This is a transparent resin 
with enhanced mechanical strength, containing 

Figure 2. View of lens models: (a) L1A/L1T, (b) L2A/L2T, (c) L3A/L3T (d) L4A/L4T (e) L5A/L5T

Figure 3. AnyCubic Photon Mono SLA 3D printer 
with visible printed lenses
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an additive of blue dye that stabilizes the color of 
the products. Both resins are intended for curing 
with UV light at a wavelength of 405 nm. Table 1 
presents a comparison of the material properties of 
AnyCubic high clear and 3DM-Tough resins

The technological parameters for manufac-
turing the lenses were based on the knowledge 
presented in the work [32], which is a recognized 
and proven method in the technology of SLA 3D 
printing of optical resins. This method guarantees 
high optical quality and printing precision, con-
firming its effectiveness and correctness in pro-
ducing advanced microscopic components.

The AnyCubic Photon 3D printer utilizes a 
monochromatic LCD matrix with a 6-inch diago-
nal and a resolution of 2560 × 1620 pixels during 
its operation cycle. The printing accuracy in the 
Z-axis varies, allowing for a single layer height 
ranging from 0.01 to 0.15 mm. The maximum 
achievable print speed is 50 mm/h, and the expo-
sure time for a single layer ranges from 1.5 to 2 
seconds. The AnyCubic Photon printer performs 
the printing process using Bottom-Up SLA tech-
nology, which is a better choice for producing lens-
es sized from 10 mm to 40 mm than the Top-Down 
technology. The selected 3D printing parameters 
were consulted with industry specialists from 
the Prolight laboratory. To compare the obtained 

products, it was decided to apply uniform techno-
logical parameters for the production of each set. 
Due to the capability of printing multiple elements 
simultaneously, the process of printing 5 lenses 
concurrently was chosen. The layer height was set 
to 0.05 mm, which is recommended in the printer’s 
technical documentation. Because support struc-
tures were not used in the sets, appropriate initial 
layers ensuring sufficient adhesion to the substrate 
had to be made. The number of base layers was 
25, with an exposure time of 15 seconds. Subse-
quent layers were exposed every 9 seconds. Efforts 
were made to select parameter values to achieve 
an isotropic structure of the product throughout its 
volume. The sets of printed lenses are shown in 
Figures 4 and 5.

Both sets of lenses printed using the SLA 
method exhibited surface roughness and opac-
ity, which prevented their use in optical systems. 
To achieve the required transparency and surface 
smoothness, it was decided to apply specialized 
post-processing techniques, including grinding 
and polishing with the use of polishing pastes.

Post-processing of polymeric lenses

The sets of lenses printed using SLA technol-
ogy were subjected to final curing in a DWS UV 

Table 1. Comparison table of material properties for AnyCubic high clear and 3DM-tough resins

Property AnyCubic high clear resin 3DM-tough resin

Transparency Very high, crystal clear High, slightly less clear

Mechanical strength Moderate toughness High toughness and durability

Hardness (Shore D) Approx. 78 D 84–86 D

Tensile strength ~28 MPa 50–60 MPa

Elongation at break ~14.6% 5–7%

Flexural strength ~30 MPa 60–70 MPa

Flexural modulus ~800 MPa 2000–2200 MPa

Viscosity ~266 cP 110–130 mPa·s

UV cure wavelength 365–405 nm 365–405 nm

Typical applications Transparent prototypes Transparent prototypes

Figure 4. A set of lenses fabricated from AnyCubic resin before finishing treatment: (a) L1A/S1T, (b) L2A/L2T, 
(c) L3A/L3T, (d) L4A/L4T, (e) L5A/L5T
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Curing Unit by exposure to ultraviolet radiation 
(see Figure 6). The post-cure process enabled 
complete polymerization of the photopolymer 
material, which resulted in increased mechani-
cal strength and chemical stability of the prints. 
Additional UV curing also improved the surface 
properties of the models, such as smoothness and 
the precision of detail reproduction, while simul-
taneously eliminating the residual tackiness left 
after printing.

The post-processing steps, including pre-
cise polishing and surface finishing of the lenses, 
were conducted according to established protocols 
described in work [33]. It is pointed out there that 
accurate surface treatment is essential to achieve 
high optical transparency and reduction of surface 
imperfections caused by 3D printing. Such finish-
ing ensures optimal lens properties by enhancing 

clarity and reducing light scattering. After the 
exposure process, the lenses were characterized 
by numerous surface contaminants and scratches. 
In some cases, internal irregularities such as air 
bubbles and inclusions could be observed within 
the material structure. The appearance of selected 
lenses after the curing processes is shown in Figure 
7 and Figure 8. 

Lenses exhibited basic optical properties 
observable without the use of measuring equip-
ment, i.e., the ability to observe the substrate 
at low magnification. To achieve transparency 
effects, each product required precise finishing 
treatment. The stereolithography process caused 
each lens to have visible boundaries in the top 
layer zone. Irregularities on the surfaces caused 
refraction, scattering, and diffraction of light. 
Therefore, abrasive processing was applied. 

Figure 5. A set of lenses fabricated from 3DM-Tough resin before finishing treatment: (a) L1A/L1T, 
(b) L2A/L2T, (c) L3A/L3T, (d) L4A/L4T, (e) L5A/L5T

Figure 6. DWS UV illuminator: (a) view of the device, (b) view of the set of lenses made from 3DM-Tough 
resin placed in the device, (c) view of the lenses during UV light curing
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The abrasive processing of each lens involved 
wet sanding with sandpaper mounted in a spe-
cial attachment. The rough processing of lenses 
began with the use of sandpapers with grits of 
600 and 800. The finishing surface treatment 
started with sandpapers of grits 1000, 1200, 
1500, 2000, 2500, 3000, and 5000. The abrasive 
processing was carried out using wet sandpapers. 
This allowed for continuous washing out of the 
abraded material residues and prevented their 
accumulation between the abrasive surface and 
the product surfaces. Precise sanding of the top 
layer was crucial for the success of the process to 

remove localized defects and scratches. For the 
polishing process of the lens surfaces, a polish-
ing machine with a power of 270 W and speed 
regulation in the range of 800–12500 rpm was 
used, equipped with felt fiber tips. The rotation-
al speed of the abrasive element did not exceed 
1200 rpm. The polishing process was carried out 
using K2 Lamp Doctor paste intended for trans-
parent polymer reflector surfaces. Tables 2 and 3 
present and describe the methods and parameters 
of the finishing treatment for individual lenses. 
The total time required for precise finishing of the 
surface of one set of lenses was 3.5 hours.

Figure 7. Lenses after the annealing process L2A, L3A, L5A

Table 2. Dimensions of lenses made from AnyCubic resin before and after finishing treatment

AnyCubic
L1A L2A L3A L4A L5A

Semicircular lens Parabolic lens Elliptical lens Semicircular lens Semicircular lens

Before 
finishing

No. ⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

1 40.75 20.25 40.90 10.9 40.50 10.8 20.55 10.00 10.75 5.10

2 40.9 20.00 40.90 10.86 40.50 10.75 20.45 10.00 10.70 5.15

3 40.7 20.10 40.85 10.86 40.05 10.7 20.60 10.00 10.70 5.10

Mean 40.78 20.11 40.88 10.87 40.35 10.75 20.53 10.00 10.71 5.11

After 
finishing

No. ⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

1 40.60 19.50 40.60 10.50 40.05 10.60 20.14 9.70 9.80 4.86

2 40.40 19.50 40.40 10.54 40.80 10.56 20.10 9.86 9.86 4.84

3 40.60 19.56 40.40 10.50 40.82 10.58 20.14 9.80 9.90 4.86

Mean 40.53 19.52 40.46 10.51 40.55 10.58 20.12 9.78 9.85 4.85
Deviation from 

nominal dimension 0.53 0.48 0.46 0.51 0.55 0.58 0.12 0.22 0.15 0.15

Figure 8. Lenses after the annealing process L2T, L3T, L5T
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Table 3. Dimensions of lenses made from 3DM-Tough resin before and after finishing treatment

3DM-Tough
L1T L2T L3T L4T L5T

Semicircular 
lens Parabolic lens Elliptical lens Semicircular lens Semicircular lens

Before 
finishing

No. ⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

1 41.10 20.10 41.65 10.95 41.20 10.85 20.95 10.05 11.20 5.10

2 41.25 20.15 42.10 10.95 41.60 10.85 21.25 10.05 11.15 5.10

3 41.45 20.10 41.40 10.90 41.65 10.85 21.10 10.00 11.20 5.10

Mean 41.26 20.12 41.71 10.93 41.38 10.85 21.10 10.03 11.18 5.10

After 
finishing

No. ⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

⌀
[mm]

H
[mm]

1 40.08 20.02 40.75 10.35 40.75 10.10 20.20 9.65 9.90 4.40

2 40.06 20.02 40.90 10.35 40.75 10.15 20.15 9.65 9.90 4.40

3 40.08 20.02 40.80 10.35 40.75 10.10 20.00 9.65 9.85 4.40

Mean 40.07 20.02 40.81 10.35 40.75 10.11 20.11 9.65 9.88 4.40
Deviation from 

nominal dimension 0.73 0.02 0.81 0.35 0.75 0.11 0.11 0.35 0.12 0.6

Figure 9. Lens L3A before treatment (a) and after treatment (b) – view of diagonal lines where uneven light 
refraction occurs

Figure 10. Lens L4A before (a) and after treatment (b). The view of the lines after treatment indicates improved 
transparency and optical surface quality of the lens
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Figure 11. Lens L4A before (a) and after treatment (b). The view of the lines after treatment indicates improved 
transparency and optical surface quality of the lens

Figure 12. Lenses L3T before (a) and after the polishing process (b)

Figure 13. Lens L4T before (a) and after the polishing process (b)

RESULT AND DISCUSSION

Visual assessment of the obtained results

Figures 9 to 14 show the optical lenses before 
and after the grinding process. The presented 
photographs and descriptions illustrate how the 
surface of the lenses changed as a result of the 

abrasive treatment. This made it possible to per-
form a preliminary assessment of the effects of 
the applied finishing methods. Based on the pre-
sented photographs and descriptions, it can be 
clearly stated that the abrasive and polishing pro-
cess significantly improved the surface quality of 
the optical lenses. The obtained results provide a 
basis for further analysis of the effectiveness of 
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Figure 14. Lens L5T before (a), and after polishing process (b). 
Visible contamination inside the internal structure

the applied finishing methods in the context of 
their impact on the optical properties of the exam-
ined elements. Despite precise post-processing, 
optical lenses produced by 3D printing may still 
exhibit defects and anomalies such as internal air 
bubbles, surface scratches, or material inclusions, 
which adversely affect their optical performance. 
Detection and characterization of these imperfec-
tions are crucial to ensuring the high quality and 
functionality of the lenses. Therefore, appropriate 
validation methods must be employed in the pro-
duction process. A promising approach proposed 
by the author is the use of artificial intelligence 
models to evaluate technological parameters. 
Such solutions are novel and still require further 
verification, as discussed in the literature [34].

Analysis of results

During the laboratory tests, detailed measure-
ments of the optical properties of the prototype 
lenses were carried out, and the results are pre-
sented in graphs numbered 15 to 20. Each lens 
was tested for light transmission in the wave-
length range from 380 nm to 1146 nm, using 
two types of light sources: incandescent (orange 
functions) and xenon (blue functions). The analy-
sis of the graphs allowed for a comparison of the 
optical quality of individual samples finished by 
polishing with sandpapers of different grit sizes. 
Lens L3A (graph 15) is characterized by very 
uniform light transmission across the entire test-
ed spectral range. For both the incandescent and 
xenon light sources, the graphs are flat, indicating 
high and stable light transmittance regardless of 
wavelength. This means that lens L3A provides 

the most uniform transmission and the high-
est optical quality among the analyzed samples. 
Very similar properties are exhibited by lens L3T 
(graph 16), whose transmission graphs are also 
very flat and stable throughout the entire wave-
length range. Lenses L4A (graph 17) and L4T 
(graph 18) exhibit slightly greater fluctuations in 
light transmission, especially in the wavelength 
range from 400 to 700 nm. The graphs for these 
samples are less flat than in the case of S3A and 
S3T, which suggests lower uniformity of light 
transmittance. Nevertheless, the transmission val-
ues remain high, and the differences between the 
measurements for both light sources are relatively 
small, indicating good, though not perfect, opti-
cal quality of these lenses. Lenses L5A (graph 19) 
and L5T (graph 20) show the greatest deviations 
from the ideal transmission characteristics among 
the analyzed samples. There are clear drops in 
transmission in specific wavelength ranges, and 
the graphs are the least uniform. This may be the 
result of material defects or less effective finish-
ing processes. The differences between the mea-
surements for the incandescent and xenon light 
sources are more pronounced, which confirms the 
lower optical quality of these samples compared 
to lenses L3A and L3T (Figures 15–20).

Among all the analyzed lenses, the best opti-
cal properties were demonstrated by lenses S3A 
and S3T, whose transmission graphs are the flat-
test and show the smallest differences between 
measurements for different light sources. This 
means that these lenses provide the most uni-
form and highest light transmission across the 
entire tested wavelength range, which is crucial 
for applications requiring high optical quality. 
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Figure 15. Relative characteristic of lens L3A

Figure 16. Relative characteristic of lens L3T

Figure 17. Relative characteristic of lens L4A

Figure 18. Relative characteristic of lens L4T
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Figure 19. Relative characteristic of lens L5A

Figure 20. Relative characteristic of lens L5T

Lenses L4A and L4T exhibit moderate optical 
quality, while L5A and L5T are characterized by 
the greatest deviations and the lowest uniformity 
of transmission in this group.

AI research in anomaly detection for optical 
lenses

Scientific literature describes a wide range of 
artificial intelligence models applied for anom-
aly detection across various research domains. 
These models include both modern neural net-
works, such as convolutional neural networks 
(CNNs) used for raster image analysis, as well as 
classical methods based on computational algo-
rithms for analyzing data sets [35]. To evaluate 
the applicability of AI in quality analysis of opti-
cal lenses, studies were conducted on a selected 
20 mm spherical lens model (L4A). The analysis 
included measurement data obtained from incan-
descent and xenon light sources, enabling a com-
prehensive evaluation of their optical properties. 
Each data record has 5 dimensions (features) that 
describe various light transmission properties 

through the lens. For anomaly detection, the Iso-
lation Forest model was chosen, being one of the 
most commonly used methods in scientific lit-
erature. This method relies on a computational 
algorithm that isolates outlier points through 
random data partitioning, allowing anomaly 
detection without explicitly modeling normal 
behavior. The Isolation Forest algorithm detects 
anomalies by isolating observations through 
random data partitions. It builds an ensemble of 
isolation trees, where each tree recursively splits 
data by randomly selecting features and split val-
ues. Anomalies are easier to isolate, resulting in 
shorter average path lengths in the trees, enabling 
effective identification.

For the study, lens L4A was selected because 
it exhibited instability in characteristics for incan-
descent and xenon light. The dataset saved in 
CSV format contained 1575 measurement points 
for both incandescent and xenon light.

The data underwent a preprocessing proce-
dure which included:
	• standardization of numerical value format,
	• removing spaces,
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	• converting data from text format to numerical 
values,

	• imputation, i.e., filling missing values with the 
mean value of the respective column.

	• Only after such data cleansing was the model 
trained. The Isolation Forest model was 
imported from the sklearn.ensemble library. 
The following hyperparameters were chosen:

	• n_estimators=100 – the number of decision 
trees forming the Isolation Forest, increas-
ing anomaly detection accuracy at the cost of 
computation time,

	• contamination=0.05 – the estimated percent-
age of anomalies in the data, influencing 
detection sensitivity,

	• random_state=42 – setting the random seed to 
ensure reproducibility of results.

Models were trained separately for data with 
incandescent and xenon lighting. 79 anomaly 

points were detected for incandescent light and 
81 for xenon light. The computation time on the 
test computer was approximately 48 seconds. For 
incandescent light, the CPU time (active processor 
time) measured was 62.5 ms and the real elapsed 
wall time was 59.3 ms; for xenon light, these val-
ues were 62.5 ms and 63 ms, respectively. 

On charts 21 and 22, the results of anomaly 
detection for lens L4A are presented, obtained 
using the Isolation Forest model on two datas-
ets: transmission under incandescent illumination 
(top chart) and xenon illumination (bottom chart). 
The X-axis represents the wavelength [nm], and 
the Y-axis shows the normalized transmission of 
radiation through the lens. 

For both types of illumination, points classi-
fied as anomalies (red color) are concentrated at 
the beginning and end of the wavelength range, 
as well as in selected central segments of the 

Figure 21. Anomaly detection using the Isolation Forest method for incandescent light data

Figure 22. Anomaly detecting using the Isolation Forest method for xenon data
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recording. The majority of measurements were 
classified as normal (blue color), which indicates 
a prevailing repeatability of transmission char-
acteristics in the central part of the optical band. 
In the case of incandescent light, anomalies are 
mainly observed in regions where the transmis-
sion characteristic changes rapidly (e.g., the ris-
ing edge at short wavelengths and the drop at the 
end), which may correspond to areas with higher 
measurement noise levels or actual material insta-
bilities. For xenon light, anomalies clearly appear 
at the spectrum boundaries and in the region 
above 1000 nm, where individual distant outlier 
points can be observed.

In the analysis of anomaly detection charts, 
it should be assumed that each red point on the 
plot represents an observation classified by the 
model as an anomaly, i.e., a deviation from 
the dominant pattern in the dataset. However, 
these marks do not always correspond to actu-
al defects or damage of the lens –  the Isolation 
Forest model identifies anomalies based on 
their isolation from the reference data cloud. In 
practice, outlier points may result from material 
instability, the presence of air bubbles, measure-
ment errors, or local deviations in transmission 
caused by natural variability and measurement 
noise, especially at the extremes of the meas-
urement range or in regions of abrupt spectral 
changes. Areas on the plots corresponding to 
sharp transitions or vertical characteristics can 
exhibit an increased number of detected anom-
alies; nevertheless, the interpretation of such 
results should be supported by expert knowledge 
and supplementary quality control methods. 
To further interpret the output of the anomaly 
detection process, the SHAP (SHapley Additive 

exPlanations) method was applied, enabling 
attribution of the model’s predictions to specific 
measured features. Two SHAP summary plots 
were generated: one for the Bulb light configu-
ration and one for the Xenon light configuration- 
Figure 23 and 24.

For the Bulb light setup, the SHAP summa-
ry plot (Figure 23) revealed that the features 
Differential_Characteristics_for_a_Light_Bulb 
and Normalized_to_max had the highest impact 
on the anomaly scores assigned by the Isolation 
Forest model. High values of Differential_Char-
acteristics_for_a_Light_Bulb tended to increase 
the probability of classifying a measurement as an 
anomaly, whereas changes in Normalized_to_max 
could shift predictions in both directions, depend-
ing on the value. The influence of wavelength-re-
lated features was present but less pronounced.

For the Xenon light configuration, the SHAP 
summary plot (Figure 24) similarly indicated 
that Normalized_to_max and Differential_Char-
acteristics_for_Xenon were the most influen-
tial variables for anomaly detection. The plot 
demonstrates that both high and low values of 
these features systematically affected the mod-
el’s output, reflecting their key roles in dis-
tinguishing typical measurements from those 
flagged as outliers. The summary visualization 
offers insight into which measured transmission 
characteristics most directly inform the anomaly 
classification for each lighting scenario, high-
lighting the value of explainable AI in support-
ing optical quality control.

In future research, the plan is to develop 
dedicated artificial intelligence models bet-
ter tailored to the specifics of measurements of 
lenses with confirmed defects, allowing precise 

Figure 23. SHAP summary plot for bulb light measurements
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Figure 24. SHAP summary plot for xenon light measurements

determination of anomaly detection thresholds 
and optimization of quality control parameters. 
A key goal will be reducing false alarms through 
advanced validation and interpretation of results, 
including the use of explainable AI (XAI) tech-
niques. Finally, the work will focus on automat-
ing the diagnosis of new lenses with unknown 
conditions by employing adaptive machine 
learning methods [36,37].

CONCLUSIONS

This article presents the possibilities and 
limitations of rapid prototyping of optical lens-
es using stereolithography (SLA) 3D printing 
technology. The conducted studies confirmed 
that polymer lenses with high transparency and 
favorable optical properties can be produced by 
using photopolymer resins coupled with appro-
priate finishing processes. The critical step in 
achieving high optical quality was the applica-
tion of additional ultraviolet curing and precise 
mechanical finishing, including grinding and 
polishing. These processes effectively eliminat-
ed surface defects such as scratches and irregu-
larities, which cause light scattering and diffrac-
tion. Spectral transmission analysis showed that 
lenses such as L3A and L3T exhibit the most 
uniform and stable light transmittance across a 
broad wavelength range, making them optimal 
candidates for applications requiring high opti-
cal quality. Polished lenses (e.g., L4A, L4T) 
demonstrated moderate quality, while lenses 
with material defects and less effective process-
ing (e.g., L5A, L5T) exhibited significant devia-
tions and lower transmission uniformity.

A significant part of the research involved the 
use of an artificial intelligence model, Isolation 
Forest, for automatic anomaly detection in optical 
measurement data. This model enabled the iden-
tification of outlier points that could correspond 
to defects or measurement noise. The application 
of SHapley Additive exPlanations (SHAP) fur-
ther improved understanding of the features that 
most influence anomaly classification, thereby 
enhancing interpretability and providing insights 
into quality-related issues linked to materials and 
production processes.

Future research will develop specialized AI 
models aimed at detecting and characterizing 
lens defects, incorporating interpretability offered 
by explainable AI (XAI) techniques. The goal 
is to optimize anomaly detection thresholds and 
reduce false alarms, facilitating improved quality 
control and more reliable automation of diagnos-
tics for lenses with unknown production states.

In summary, the integration of advanced AI 
methods with SLA printing technology and fin-
ishing processes represents a promising approach 
for cost-effective production and quality control 
of high-performance optical lenses. The author 
would like to express sincere gratitude to PhD 
Jacek Kęsik for his invaluable substantive sup-
port and practical assistance in the process of lens 
3D printing. Special thanks are also extended to 
the Prolite Laboratory team for providing tech-
nical facilities as well as substantive and equip-
ment support, which were crucial for conducting 
the research described in this work. The author 
also wishes to express gratitude to MSc Mateusz 
Marek and MSc Adrian Maksymiec for their sub-
stantive assistance and for enabling the use of 
equipment for lens grinding.
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