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Abstract, One of many developed thin-films, Barium Strontium Titanate (BST)
is one of the popular materials in optical detection systems, because of their ex-
cellent characteristics in dielectric and photoresponsive properties. The main fo-
cus on the many developments of this thin film is in many but the mechanical
aspects. To minimize the risk of damage from impact, dust, humidity, and mis-
handling to unprotected sensor, this study designed with considerate measure-
ments in the sensor’s dimensions, electrical interconnection paths, ease of assem-
bly, and light access to the sensor surface, fabricated using Polylactic Acid (PLA)
via Fused Deposition Modeling (FDM) technology and evaluated a protective
housing for BST thin-film light sensors without obstructing optical line-of-sight
to the sensor's area while also protecting the mechanical aspects of the sensors.
The simple square housing then, successfully fabricated with high dimensional
accuracy, straightforward assembly, rigid build, and reliable compatibility with
the sensor’s system, which enhances mechanical protection and supports the in-
tegration of thin-film BST integration in light sensors in various optoelectronic
application.

Keywords: Barium Strontium Titanate (BST), Thin-film-based Light Sensor,
Protective Housing, Fused Deposition Modeling (FDM Fused Deposition Mod-
eling (FDM), PLA, Sensor Packaging

1 Introduction

Over the past two decades, many of the advances in technology, especially in optoelec-
tronic, have increased interest in high sensitivity, fast response time, low power con-
sumption, and good reliability, as they are now essential components in a wide range
of field, including industrial automation, environmental monitoring systems,




biomedical devices, optical communications, precision agriculture, and Internet of
Things (1oT) systems. As the complexity of these applications increases, sensor devel-
opment 1s no longer focused solely on improving sensitivity but is also directed toward
the ability to integrate with electronic systems that are more compact, portable, and
offer long-term stability. Therefore, various functional thin-film materials continue to
be developed because they can provide good optical response while supporting device
miniaturization. Compared to bulk materials, thin-film-based sensors oftfer several ad-
vantages, including smaller device dimensions, lower material consumption, faster re-
sponse times, and ease of integration with modern microelectronic systems [1-3].

Among the various functional materials developed for optical sensors, Barium Stron-
tium Titanate (BaxSr1xTiO3 or BST) is a ferroelectric material with excellent prospects
due to its high dielectric constant, tunable permittivity, low dielectric loss, and excellent
electro-optical properties [4—11]. As a perovskite-structured material, BST’s electrical
and optical characteristics can be modified by adjusting the composition of barium and
strontium, enabling its use in various electronic devices, such as capacitors, dynamic
random-access memory, microwave filters, electro-optical modulators, and thin-film-
based light sensors [12]. Furthermore, BST exhibits good thermal stability, is compat-
ible with silicon substrates, and is capable of providing a stable photoelectric response,
leading to its increasing use as an active material in next-generation optoelectronic de-
vices [13]. These various characteristics make BST a highly promising material for
supporting the development of high-performance light sensors across diverse environ-
mental and analytical monitoring applications. [14-20].

The significant potential of BST has spurred numerous studies focused on improving
the quality of thin films and sensor performance through various deposition techniques,
such as radio frequency magnetron sputtering, pulsed laser deposition, chemical solu-
tion deposition, and sol-gel spin coating [21]. These studies generally aim to optimize
crystal structure, surface morphology, dielectric constant, photoresponsivity, leakage
current, optical transmittance, and sensor response time through modifications to ma-
terial composition, elemental doping, deposition conditions, annealing processes, and
substrate selection [13, 22-25]. The results of these studies indicate that BSTs are ca-
pable of delivering increasingly superior optoelectronic characteristics and hold great
potential for application in various light detection systems [26]. However, most pub-
lished research remains focused on material development and sensor performance char-
acterization at the laboratory scale, while engineering aspects that would enable these
sensors to be implemented as deployable devices have received relatively little atten-
tion.

Research focused on improving the characteristics of these materials has not been
fully complemented by research on device engineering aspects that support the imple-
mentation of sensors under actual operational conditions. Most BST-based light sensors
are still evaluated on a laboratory scale using temporary holders or simple test setups
that serve only as characterization tools. These conditions leave sensor elements—par-
ticularly thin-film layers that are only a few micrometers thick—vulnerable to mechan-
ical impact, dust contamination, exposure to moisture, and handling errors during in-
stallation and measurement. In addition to potentially reducing measurement reliability,
these conditions can also affect sensor positional stability, the quality of electrical




connections, and the overall lifespan of the device. In the development of modern sen-
sor devices, mechanical aspects are no longer viewed as supplementary components
but rather as integral parts that determine the success of the integration between active
materials, electronic systems, and their operational environments [27, 28].

In the fields of microelectronics and sensor systems, packaging, or protective hous-
ing, plays a far broader role than simply protecting electronic components from physi-
cal damage. Protective housing serves to maintain the sensor’s positional stability, pre-
serve alignment between the light path and the sensor’s active area, protect electrical
interconnections, and facilitate assembly, maintenance, and integration with other sup-
porting devices. In thin-film-based optical sensors, housing design becomes more com-
plex because it must provide mechanical protection without obstructing the light path
to the sensor surface. In other words, the housing design must simultaneously integrate
mechanical integrity, optical alignment, and electrical interconnection requirements
[29, 30]. Various studies have shown that sensor system failures in field applications
are not always caused by poor material performance but are often influenced by inade-
quate packaging design, which leads to reduced device stability and reliability during
operation [28, 31]

Although the importance of sensor packaging has been widely discussed in the con-
text of microelectronic devices and flexible optoelectronics, research on custom pro-
tective housings specifically engineered for thin-film optical and ferroelectric sensors
remains scarce. While additive manufacturing has increasingly been employed to fab-
ricate rapid sensor enclosures and optical component mounts [32, 33], most existing
solutions target off-the-shelf packaged sensor modules rather than fragile, unencapsu-
lated thin films. Most previous research on BST thin films has focused predominantly
on material synthesis, optimization of deposition parameters, and improvement of the
sensor’s optoelectronic characteristics, while the mechanical design aspects that sup-
port the implementation of the sensor as a ready-to-use device have not received ade-
quate attention. In fact, without a specially designed housing system, the sensor perfor-
mance achieved under laboratory conditions may not necessarily be maintained when
the sensor is used in actual operational environments. This situation highlights a re-
search gap: the lack of protective housing designs that systematically consider mechan-
ical protection, optical access, dimensional accuracy, ease of assembly, and compati-
bility with BST-based thin-film light sensors.

Based on this gap, this study proposes a protective housing design for a BST thin-
film-based light sensor developed through an additive manufacturing approach using
Fused Deposition Modeling (FDM) technology. Unlike previous studies, which gener-
ally used 3D printing solely as a fabrication method, this study treats the housing as an
integral part of the sensor system, ensuring that the entire design process simultane-
ously considers optical, mechanical, and electrical requirements. The novelty of this
study lies in the development of a protective housing architecture specifically designed
for BST thin-film-based light sensors by integrating aspects of light access to the sen-
sor’s active area, structural stability, dimensional accuracy, protection of electrical in-
terconnection paths, and ease of assembly into a single comprehensive mechanical de-
sign. Based on that, this study not only produces a protective component, but also




supports the transition of the sensors from laboratory prototypes to devices that are
more ready for implementation.

As this study’s expectations to serve as a contribution, and as a foundation for further
development of an easier, accessible, and more reliable BST sensors, this study aims to
design a suitable protective housing for the BST light sensor, where it then gets fabri-
cated using PLA via FDM technology, and lastly, evaluate the complete mechanical
performance of the housing.

2 Materials and Methods

2.1 Materials

The main material used for the design process of the protective housing in this study is
a thin-film Barium Strontium Titanate (BST) light sensor, measuring 2 mm x 2 mm x
1 mm and is mounted on a silicon substrate, which is supported on a precision-diced
glass slide carrier measuring 5.6 mm * 5.6 mm = 1.0 mm. A measured base housing of
6.00 x 6.00 mm is used to ensure secure positioning without lateral compressive stress,
while also accommodating this glass carrier with a nominal of 0.20 mm clearance per
side. This configuration was chosen to support the optical characterization process
while maintaining the mechanical stability of the sensor elements during testing. Given
the sensor’s relatively small dimensions and the BST active layer’s sensitivity to me-
chanical disturbances, the housing design was developed to provide protection against
impacts, dust, moisture, and mishandling without obstructing the path of light to the
sensor’s active area [34].

The material used to fabricate the protective housing was 1.75 mm diameter Pol-
ylactic Acid (PLA) filament (eSUN, Shenzhen eSUN Industrial Co., Ltd., China). PLA
was chosen because it offers good dimensional stability, low shrinkage, ease of print-
ing, and sufficient mechanical strength for prototyping and laboratory devices. Addi-
tionally, this material is widely used in Fused Deposition Modeling (FDM) technology
because it can produce components with complex geometries, high dimensional accu-
racy, and relatively short fabrication times. These characteristics allow for efficient de-
sign iteration during the housing development phase [35].

The 3D modeling process was performed using Autodesk Fusion 360 software (Au-
todesk Inc., USA). The resulting design model was then exported in Standard Tessel-
lation Language (STL) format and processed using Bambu Studio software to generate
the printing toolpath. Next, the protective housing was fabricated using a Bambu Lab
X1 Carbon 3D printer (Bambu Lab, China), which employs Fused Deposition Model-
ing (FDM) technology. This printer was selected for its ability to achieve high dimen-
sional accuracy, printing process stability, and the capability to print small components
with a good surface finish, making it suitable for fabricating micro-sized sensor hous-
ings.

After the fabrication process was complete, the housing was cleaned of any remain-
ing support material and visually inspected to ensure there were no printing defects
such as warping, stringing, or layer delamination. Next, the dimensions of the printed
part are measured using a digital vernier caliper with a resolution of 0.01 mm to




evaluate the conformity between the actual dimensions and the design model. The en-
tire process of design, fabrication, and evaluation is carried out at the Computer Engi-
neering Technology Program Laboratory, Vocational School, IPB University.

2.2 Design of the Protective Housing

The protective housing was designed to provide a mechanical protection system capa-
ble of maintaining the physical integrity of the BST thin-film light sensor while pre-
serving direct optical access to the active thin-film region. Unlike conventional elec-
tronic housings, which generally serve only to protect components, the housing devel-
oped in this study was designed as an integral part of the sensor system. Therefore, the
design process simultaneously considered mechanical, optical, and electrical require-
ments to ensure the sensor remains protected while maintaining its measurement per-
formance. The entire modeling process was carried out using Autodesk Fusion 360
software before fabrication using Fused Deposition Modeling (FDM) technology [36,
37).

The initial design phase began with identifying the physical characteristics of the
BST sensor assembly, which comprises the active thin-film sensor (2 mm x 2 mm x 1
mm), a silicon substrate, and an underlying glass slide carrier (5.6 mm * 5.6 mm). These
relatively small dimensions make the sensor highly susceptible to impact and mechan-
ical stress during the mounting and testing processes. Given these conditions, the hous-
ing design was developed to provide a stable sensor seat, ensuring that the sensor re-
mains in a consistent position throughout the measurement process. while providing a
nominal 0.20 mm clearance per side to accommodate FDM fabrication tolerances and
allow stress-free manual assembly. Precisely placed sensor is the key to maintaining
perfect alignment between the active sensor’s area and the incoming light path. To min-
imize optical variations during reinstallation, the exact position needs to be locked at
all times.

A dedicated optical aperture is incorporated into the housing that is used to direct
light straight into the BST thin-film active surface. Placed exactly above the sensor, this
window matches the active sensor’s dimensions to ensure there are no disturb the light
reception. To also minimize dust and contaminants, the aperture’s footprint is restricted
to these baseline measurements. The crafted design of the measurements successfully
balances clear optical access with rigid mechanical shielding.

Other than the optics improvement, the physical design manages electrical intercon-
nections between the sensor and the data gathering system. Proper routing on the cables
1s designed to exclusively route each cable through the rear of the unit, keeping wiring
out of the light and preventing tension on physical connections when the device moves.
This configuration simplifies sensor installation, calibration, and replacement without
risking cable damage.

For the enclosure, a two-part modular design is used, starting with a base mount for
the sensor and a primary protective cover. This split design not only allows rapid as-
sembly, but when assembling, no pressure is applied to the fragile sensor substrate, at
the same time granting immediate access to internal components for routine cleaning
or inspection. All dimensions for the enclosure include specific tolerances to the FDM




3d printing process to allow the components to fit together, and eliminating the need
for any post-print process

Before moving to the physical prototype, multiple visual simulations evaluated wall
thicknesses, aperture placements, mounting mechanisms, and cable routing paths, en-
suring the final model protects all of its hardware, maintains the optical path, and
streamlines integration with the measurement system. These multiple design operations
successfully optimized structural strength, material efficiency, and 3D printing feasi-
bility.

Combined, the custom housing shields sensitive electronics from minor impacts
while securing optical alignment, serving as a core mechanical stabilizer that stream-
lines assembly and ensures consistent sensor operation across multiple measurement
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Fig. 1. Design architecture of the BST thin-film protective housing: (A) Closed, fully built visu-
alization of the housing. (B) Opened viewing, exposing the base, glass slide, silicon substrate,
BST sensor, the seat, and cover. (C) Side viewing, illustrating the optical aperture aligned per-
fectly above the sensor’s active area. (D) Detail of the sensor seat and rear cable channel provid-
ing mechanical strain relief. (E) Complete workflow covering CAD modeling, FDM slicing, fab-
rication, and mechanical evaluation.

2.3  Fabrication of the Protective Housing via FDM

Once the design process 1s complete, the three-dimensional (Computer-Aided De-
sign/CAD) model of the protective housing is exported in Standard Tessellation Lan-
guage (STL) format for further processing using Bambu Studio software. At this stage,
the slicing process takes place, which involves converting the 3D model into a print
path (toolpath) that can be read by a 3D printer. In addition to generating the print path,
the slicing process is also used to determine the printing parameters that affect the di-
mensional accuracy, mechanical strength, and fabrication time of the housing [38, 39].




The protective housing was fabricated using a Bambu Lab X1 Carbon 3D printer
with Fused Deposition Modeling (FDM) technology. The material used was eSUN
brand Polylactic Acid (PLA) filament with a diameter of 1.75 mm. PLA was chosen
because it offers good dimensional stability, low shrinkage, ease of printing, and the
ability to produce a high-quality surface finish for small components. Additionally,
PLA has sufficient mechanical strength for laboratory prototyping needs, making it
suitable as the material for the protective housing of the BST thin-film light sensor [40].

The printing parameters were determined based on the printer specifications and the
filament manufacturer’s recommendations to achieve optimal print quality. The print-
ing process was carried out using a 0.4 mm diameter nozzle with a layer height of 0.20
mm. The nozzle temperature is set to 210°C, while the build plate temperature is main-
tained at 60°C to improve the adhesion of the first layer during the printing process.
The internal structure of the housing is printed using a gyroid pattern with an infill
density of 20%, thereby achieving a balance between mechanical strength, material ef-
ficiency, and fabrication time. Details of the printing parameters used in this study are
shown in Table 1.

Table 1. FDM Printing Parameters Used for Housing Fabrication

Parameter Specification

3D Printer Bambu Lab X1 Carbon
Printing Technology Fused Deposition Modelling (FDM)
Filament Material eSUN PLA

Filament Diameter 1.75 mm

Nozzle Diameter 0.40 mm

Layer Height 0.20 mm

Nozzle Temperature 210°C

Bed Temperature 60 °C

Infill Density 20%

Infill Pattern Gyroid

Build Orientation Vertical

Slicing Software Bambu Studio

After the printing process is complete, the housing is allowed to cool naturally to room
temperature before being removed from the build plate. Next, a post-processing step is
performed, consisting of support removal and cleaning the surface of the printed part.
A visual inspection is conducted to ensure there are no printing defects such as warping,
layer separation, stringing, or imperfections in material deposition that could affect the
housing’s mechanical function. Housings that meet visual quality standards are then
used in the dimensional testing and mechanical evaluation stages.




2.4  Mechanical and Functional Evaluation Methodology

A mechanical evaluation was conducted to determine the protective housing’s ability
to shield the BST thin-film light sensor and to ensure that the developed design could
optimally support the sensor’s installation and operation. Four parameters were se-
lected, from the dimensional accuracy, ease of assembly, structural stability, and func-
tional compatibility, because of the reliability of the housing as both a protective system
and a support for sensor operations all four directly affects.

Dimension Accuracy. Three repeated trials (n = 3) for each parameter of the printed
part’s height, length, and width of the housing were done using a digital caliper with a
resolution of 0.01 mm to ensure measurement consistency in dimension and verify tol-
erances, while comparing the results with the design dimensions in the CAD model.
The percentage of dimensional deviation was calculated using Equation (1).

D “AD T Dﬂctuai

Dimensional Deviations (%) = ¢ x 100 (1)

DCAD

Where Dcap is the dimension resulting from the CAD design, and D sqy. 18 the dimen-
sion resulting from the housing measurement.

Assembly Evaluation. An assembly evaluation was conducted to determine the ease
of installing the BST sensor into the housing. The aspects observed included the dimen-
sional fit of the sensor seat, the ease of installing the glass substrate, access to the cable
routes, and the ease of the disassembly and reassembly process. The assembly process
1s considered successtul if the sensor can be installed properly without applying exces-
sive pressure to the substrate or electrical connections.

Structural Stability. Structural stability testing was conducted by performing 10 con-
secutive manual assembly and disassembly cycles to evaluate the structure’s ability to
maintain the sensor’s position during use. Observations were made regarding the pos-
sibility of deformation, sensor displacement, cracks in the housing, or a reduction in the
strength of the joint between the base and the housing cover. Visual inspections were
performed after each assembly cycle to ensure there was no structural damage that
could affect the housing’s function.

Functional Compatibility. Functional compatibility 1s evaluated to ensure that the pro-
tective housing is capable of supporting the sensor’s operation in accordance with its
intended function. The evaluation includes the alignment of the optical aperture with
the sensor’s active area, access to electrical connections, the presence of an unob-
structed light path through the housing structure, and the overall dimensional compati-
bility with the sensor system. The housing is deemed to meet compatibility require-
ments if the sensor can be properly installed, the light path to the sensor surface remains




unobstructed, and electrical connections can be made without encountering mechanical
obstacles.

Table 2. Mechanical Evaluation Parameters for Protective Housing

Evaluation Aspects Testing Methods Indicators of Success

Minor dimensional devia-
tions from the CAD de-
sign

The sensor installed easily
Ease of assembly Manual sensor installation without causing any dam-
age

There was no defor-
mation, cracking, or shift-

Three repeated measurements (n = 3)

Dimensional accuracy ) .. ) .
using a digital vernier caliper

- Repeated assembly and visual in-
Structural stability P -

spection
P ing
The sensor is aligned with
Inspection of sensor position and the optical aperture, and
Functional compatibility . P po .p p. .
’ light path the light path is unob-
structed
3 Results and Discussion

3.1  Configuration of the Protective Housing

After conducting the design process using Autodesk Fusion 360, a final design was
successfully made in two-part configuration, which consists the base housing and the
cover housing, formed together making a complete mechanical protection system. This
specific configuration was chosen to simplify installation process, facilitate easier in-
spection and maintenance, and also reduce the risk of damage to the inside during as-
sembly.
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Fig. 2. CAD illustrated design: (A) Base housing: (B) Cover housing; and (C) Conceptual inci-
dent sunlight access through the optical aperture on the cover housing to the sensor’s active sur-
face (not to scale; illustrative ray path only).

The main mounting that holds the BST sensor and the glass side are served on the base
housing, measured in a fixed position. To limit positional shifts without pressuring the
silicon substrate, the dimensions of the mount are tailored to the actual size of the sen-
sor. Avoiding light path obstruction to the sensor’s surface, the base is equipped with
electrical interconnection paths for the cables to exit the housing neatly.

An 8 mm wide optical aperture is placed directly above the 2 x 2 mm sensor’s area
with roughly 2.83 mm diagonal size, and through the cover, providing an ample radial
clearance margin of roughly 2.58 mm, serving as a light path to ensure the sensor re-
ceives optimal light intensity, shielding the surrounding wire bonds and minimize the
dust and contaminants from the external environment without restricting the sensor’s
field of view under varying sunlight angles. and provides clear pathway for solar radi-
ation to reach the surface without internal vignetting or shadowing as illustrated in Fig-
ure 2(C); note that this schematic is strictly qualitative for illustration.

As illustrated on Figure 1(B), the final design shows all mechanical components
have been integrated to each part with each corresponding features, making a single,
compact housing system that work together for easy assembly without requiring any
special handling of the sensor.

3.2 Additive Manufacturing Results and Prototype Assembly

Any production of housing made using Fused Deposition Modeling (FDM) technology
with eSUN’s PLA material on a Bambu Lab X1 Carbon proceeded smoothly as




planned, with key geometric features retaining their shapes as designed in the CAD
model, resulting in a sharp definition and a uniform surface finish.

Through visual inspection, consistent layer deposition is found with no observable
defects such as warping, layer delamination, or under-extrusion while good dimen-
sional accuracy 1s reached together with uniform texture housing surface, indicating all
printing parameters used were capable of producing fabrication quality suitable for
small mechanical components. Performing post-processing steps such as removing the
support material and cleaning the surface were easily done without causing any damage
to the housing’s structure, proofing the use of PLA material with selected printing pa-
rameters is more than enough to manufacture the perfect quality for the needs of thin-
film-based sensor prototypes.

Sensor placement, along with its assembly, including the active BST film, silicon
substrate, and glass carrier, results in proper seating, stably on the measured base hous-
ing dimensions, without shifting during the mounting process, while being protected by
the housing cover and provided by the optical aperture that is located at the cover and
aligned above the sensor’s active area. This whole configuration successfully provides
perfectly aligned light path that enters through the top, while at the same time protecting
the components without obstructing line-of-sight to the sensor surface.

For the cables, proper routes on the side of the housing have been configured to
avoid interference with optical path, while reducing direct tensile stress on the cable
connections, and easier integration between the sensor and the data acquisition system.

Beyond good matches between the CAD model and the printed components are
found in the fabrication results with no additional or post-print modifications. These
findings indicate that FDM technology using PLA material is capable of producing a
protective housing with sufficient geometric and functional quality to serve as a pro-
tective system for the BST thin-film-based light sensor. Documentation of the fabrica-
tion results for the base housing, cover housing, and the sensor assembly process is
shown in Figure 3.
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Fig. 3. Documentation of Fabrication Results: (A) Printed base housing. (B) Printed cover hous-
ing. (C) Base housing with the BST sensor installed. (D) Cover housing attached to the base
housing. (E) Final view of the assembled protective housing.

3.3  Evaluation of Dimensional Accuracy

Dimensional accuracy is one of the key indicators in evaluating the quality of fabricated
parts using Fused Deposition Modeling (FDM) technology. In this study, an evaluation
was conducted to determine the degree of conformity between the printed dimensions
and the design dimensions (Computer-Aided Design/CAD) and to ensure that the pro-
tective housing has sufficient geometric tolerances to precisely position the BST thin-
film-based light sensor. Dimensional accuracy is critical because it affects the sensor’s
position relative to the optical aperture, stability during the measurement process, and
compatibility among the housing’s components. Excessive dimensional deviations
could potentially cause misalignment of the sensor, thereby reducing the consistency
of optical measurements.

Measurements were taken of six key geometric features considered to have the great-
est impact on the housing’s mechanical function: overall length, overall width, base
height, optical aperture diameter, sensor seat width, and screw hole diameter. Each pa-
rameter was measured three times using a digital caliper with a resolution of 0.01 mm.
The mean and standard deviation were calculated to characterize the measurement con-
sistency and precision of the evaluation, while the percentage deviation was calculated
based on the difference between the printed dimensions and the CAD model.
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Table 3. Dimensional evaluation parameters of the fabricated protective housing based on re-
peated caliper measurements (n = 3)

Parameter CAD Measurement Measurement Meas- Mean+ Devia-  Error

(mm) 1 2 urement SD tion (%)
3 (mm) (mm)

Housing 28.00 27.93 27.91 2792 2792+ 0.08 0.29

Length 0.01

Housing 28.00 27.96 27.95 2794 2795+ 0.05 0.18

Width 0.01

Height of 20,00 19.94 19.93 1992 1993+ 007 0.35

Base Hous- 0.01

ing

Width of Op- 8.00 7.95 7.94 7.93 7.94 + 0.06 0.75

tical Aper- 0.01

ture

Width of 6.00 597 5.96 5.96 596 0.04 0.67

Sensor Seat 0.01

Diameter of 3.00 298 297 297 207+ 0.03 1.00

Screw Hole 0.01

All measured dimensions of the fabricated prototype exhibited close conformity with
the nominal CAD specifications, maintaining deviations between 0.03 mm and 0.08
mm, with error percentages ranging from 0.18% to 1.00%. The largest deviation was
found in the screw hole diameter, while the main dimensions of the housing, such as
length, width, and height, exhibited errors of less than 0.5%. The relatively small stand-
ard deviation (£0.01 mm) indicates high measurement consistency and dimensional
stability across repeated evaluations of the fabricated prototype, confirming minimal
measurement error. Specifically, the sensor seat was fabricated at 5.96 + 0.01 mm
against the nominal 6.00 mm CAD target. This dimension is designed to house the 5.6
mm * 5.6 mm glass carrier slide supporting the active 2 mm * 2 mm BST thin-film
sensor, thereby maintaining an effective assembly clearance of = 0.18 mm per side to
prevent lateral strain on the sensor elements.

The dimensional accuracy obtained indicates that the combination of the Bambu Lab
X1 Carbon printer, eSUN PLA material, and the printing parameters used is capable of
producing components with good geometric quality. The high precision ofthe printer’s
motion system, along with the low shrinkage characteristics of PLA, contribute to min-
imal dimensional changes during the cooling process. In addition, using a layer height
of 0.20 mm and a 20% gyroid infill pattern provides a balance between mechanical
strength, material efficiency, and the dimensional accuracy of the printed parts.

Nevertheless, some small features, particularly the optical aperture and screw holes,
exhibit slightly greater deviations compared to the housing’s main dimensions. This
phenomenon is a common characteristic of the FDM process, as it is influenced by the
nozzle diameter, the flow behavior of the molten material, and the cooling process after
extrusion. Nevertheless, all deviation values remain within acceptable tolerance limits
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for laboratory prototyping purposes, so they do not affect the sensor installation process
or the mechanical function of the housing.

Overall, the evaluation results show that the fabrication method used is capable of
producing protective housings with high dimensional accuracy and reliable conform-
ance to the design specifications. The degree of conformity between the CAD model
and the fabricated results indicates that the design and manufacturing processes used
have met the geometric requirements for supporting the inte gration of BST thin-film-
based light sensors.

34 Assembly and Functional Compatibility Evaluation

In addition to having good dimensional accuracy, the protective housing must also sup-
port the sensor installation process and maintain optical functionality during the meas-
urement process. Therefore, an evaluation of the assembly performance and functional
compatibility was conducted to ensure that all designed mechanical components could
work together as intended for the research objectives. The evaluation was conducted
through the installation of the BST sensor into the base housing, the installation of the
housing cover, testing of the optical aperture alignment, and inspection of the electrical
interconnection paths.

Physical trial mounting confirmed that the BST sensor seated stably within the re-
cessed cavity without requiring filing, trimming, or force-fitting. The dimensions of the
sensor mount, which have been adapted to the size of the silicon substrate and glass
specimen, ensure that the sensor remains in its intended position throughout the assem-
bly process. No gaps were found that could cause the sensor to shift, nor was there any
excessive pressure that could potentially damage the BST thin film layer. These results
indicate that the sensor seat design has successfully fulfilled its primary function as a
mechanical support for the sensor while maintaining the position of the active area rel-
ative to the light path.

The installation of the housing cover also went smoothly. The four screw holes on
the cover were properly aligned with the housing base, allowing the two components
to be assembled without difficulty. After all the screws were tightened, no gaps between
the components or misalignments that could cause the housing structure to shift were
found. Furthermore, across 10 consecutive assembly and disassembly cycles, the hous-
ing met all established acceptance criteria: no thread wear, screw hole enlargement, or
layer delamination was detected, and the sensor remained securely seated without po-
sitional displacement. These results indicate that the fabrication process was able to
achieve sufficiently good dimensional tolerances, thereby ensuring compatibility be-
tween the components.

One of the key aspects of this study is the alignment between the optical aperture
and the active area of the BST sensor. Direct optical alignment verified that the aperture
centered precisely above the sensor’s active surface, preserving an unobstructed line-
of-sight across the incident light path. This is critical because any misalignment of the
optical aperture could cause part of the light beam to miss the sensor’s active area,
potentially reducing measurement sensitivity. Based on the observations, the developed
housing configuration is able to maintain consistent optical alignment after the
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assembly process 1s complete. The results of the Assembly and Functional Compatibil-
ity Evaluation are shown in Table 4.

Table 4. Results of the Assembly and Functional Compatibility Evaluation

Evaluation Parameters Observation Results Status
Installation of the Seat Sen-  The sensor is securely mounted without any shift-  Success-
sor ing. ful
Fit of the Base and Housin; Success-
using All screw holes are aligned. ‘u
Cover ful
The optical aperture is directly above the sensor’s  Success-
Optical Aperture Alignment . P periu Y X ‘u
active area. ful
Electricity Interconnection Success-
) J The cable does not obstruct the light path. ,u
Lines ful
All components can be assembled without modifi-  Success-
Ease of Assembly . po wied .
M cation. ful
Structural Stability After As- . . i Success-
- No deformation or looseness was found. .
sembly ful

An evaluation was also conducted on the electrical interconnection system to ensure
that the cable routes do not interfere with the light path or the sensor installation pro-
cess. Cable routes positioned on the side of the base housing allow the cables to exit
the housing neatly and do not exert direct tension on the sensor during handling. In
addition to improving the system’s neatness, this configuration also simplifies the pro-
cess of removing or replacing the sensor should maintenance or calibration be required
in the future.

Overall, the fabricated housing successfully provided mechanical protection and di-
rect optical alignment while maintaining clear routing paths for the sensor wiring. Re-
sulting in a housing that meets the operational requirements of the BST thin-film light
sensor, all combined properties including precisely made sensor mount, centered opti-
cal aperture above the active area, with a stable locking system, and integrated cable
routing, were integrated into a compact, ruggedized enclosure.

3.5 General Discussion and Engineering Implications

Based on the results of the design, fabrication, and mechanical evaluation conducted,
this study successfully developed a suitable protective housing for a BST thin-film light
sensor using a CAD approach and fabrication with FDM technology, fulfilling the basic
requirements as both a mechanical protection system and a sensor integration platform.
With high level of dimensional accuracy, the success of the assembly and great com-
patibility between the housing and the sensor itself proofs that the carefully made de-
sign has been successfully realized from 2D visualization to 3D printed prototype ready
for use in laboratory testing, indicating that the engineering approach applied produces
and provides a platform that support the integration of thin-film-based sensor into a
better, more structured measurement system.




Multiple mentioned findings, differentiating from conventional electronic housings,
show that a special targeted sensor must be tightly coupled to its operational character-
istics, in order to serve not only to protect the sensor, but also to consider the position
of the sensor’s active area, the direction of incoming light, electrical interconnection
paths, and ease of assembly. One of the critical aspects is covered with this approach
by maintaining alignment between the optical aperture and the active area of the BST
sensor, making the consistency of light intensity received by the sensor during meas-
urement process stable, proofing the key to maintaining the sensor’s position relative
to the optical path is in the housing design itself, demonstrating it directly contributes
to the overall reliability of the sensor system.

The success of the fabrication using the Bambu Lab X1 Carbon printer also demon-
strates that FDM technology is capable of producing mechanical components with good
geometric quality for thin-film-based sensor applications, The relatively small dimen-
sional deviations indicate that the printing parameters used were able to achieve high
dimensional accuracy and close conformity to the CAD design. Although the FDM
process generally has limitations in producing micro-features with very tight tolerances,
the results of this study show that the level of precision achieved is still within accepta-
ble limits for laboratory prototyping needs. Thus, FDM technology can be an efficient
manufacturing alternative in the development of custom housings because it allows for
rapid design, modification, and fabrication at a relatively low cost.

Compared to previous research, most studies on BST-based sensors still focus on
material development, composition optimization, deposition techniques, and the char-
acterization of their electrical and optical properties.

Different from previous studies which have succeeded in improving functional char-
acteristics, this study focuses on the mechanical characteristics by focusing on sensor
packaging, designed to provide mechanical protection, ensure optical alignment, and
sensor integration facilitation. With this in mind, based on this study approach, it com-
plements previous research by contributing to the device implementation stage for
ready-for-use device purpose rather than to the optimization of the sensor.

This specially made protective housing for BST light sensor are different from con-
ventional housing, because it consists of three main contribution key aspects, which
includes mechanical protection, optical access, and ease of system integration. In this
study, the sensor seat configuration, optical aperture, electrical interconnection paths,
and assembly system were developed simultaneously, resulting in a housing that not
only protects the sensor from physical disturbances but also supports a more stable and
consistent measurement process. Therefore, the results of this study can be viewed as a
first step toward the development of more integrated sensor packaging for thin-film-
based sensor devices.

Although it yielded good results, this study still has several limitations. The evalua-
tion focused on the mechanical characteristics and functional compatibility of the hous-
ing, relying primarily on dimensional measurements, manual assembly, and visual in-
spection rather than direct quantitative mechanical testing. Because this investigation
centered on physical housing design and prototyping, a quantitative evaluation of the
sensor's optoelectronic response (such as photocurrent and responsivity) with and with-
out the housing under calibrated illumination was not performed. Furthermore, testing
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of the housing’s durability under more complex environmental conditions, such as tem-
perature fluctuations, high humidity, vibration, and long-term mechanical loading, has
not yet been conducted. These factors have the potential to affect the housing’s perfor-
mance when used outside the laboratory.

Given these limitations, future research could focus on developing protective hous-
ings using materials with superior mechanical and thermal properties, such as PETG,
ABS, or engineering resins, as well as evaluating the effect of housing design on the
light distribution received by the sensor. In addition, the integration of the housing with
a data acquisition system and a wireless communication module can also be developed
to produce a more compact BST-based light sensor device that is ready for implemen-
tation in various real-time optical monitoring applications.

4 Conclusion

Developed, and integrated several key aspects to the protective housing for a BST thin-
film light sensor using CAD and FDM technology is proven to be successtul in design,
fabrication and evaluation. The proofs of the success come from the results of the fab-
rication process which show that all housing components were produced correctly ac-
cording to the design using eSUN’s PLA material; the mechanical evaluation process
which resulted in a high-level dimensional accuracy, with good structural stability; and
the perfectly aligned light path through the housing cover straight into the sensor’s area.

Not only this research’s success comes from the successful fabrication of the hous-
ing, but also in the approach of mechanical integration, optical, and electrical aspects.
Unlike previous studies, which largely focused on optimizing BST materials and char-
acterizing sensor performance, this research demonstrates that housing engineering
plays a crucial role in supporting the implementation of sensors as more ready-to-use
devices. The approach developed is capable of maintaining the sensor’s position rela-
tive to the optical aperture, providing protection for the active elements, and facilitating
the integration of the sensor into measurement systems. Thus, this study contributes to
the development of sensor packaging technology for thin-film-based optoelectronic de-
vices.

Nevertheless, this study is still limited to evaluating the mechanical characteristics
and functional compatibility of the housing. Further research is needed to quantitatively
evaluate the housing’s impact on the sensor’s optical performance—including the dis-
tribution of light intensity across the active area—as well as the housing’s resistance to
more complex environmental conditions, such as temperature fluctuations, humidity,
and long-term mechanical loading. In addition, exploring other manufacturing materi-
als with better mechanical and thermal characteristics also presents an opportunity to
improve the housing’'s performance in sensor applications across a wider range of op-
erational environments.
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