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Abstract - The mechanical response of a 3D-printed
Acrylonitrile Styrene Acrylate (ASA) container under
uniform external pressure is examined in this study. The
container is produced using additive manufacturing,
where the presence of infill plays an important role in the
overall behavior. For this reason, the effect of infill is not
ignored. Instead, effective material properties are
estimated using a Representative Volume Element (RVE)
model and later applied in the finite element analysis of
the full container. The numerical simulations correspond
to external pressures associated with depths of 50, 70,
and 100 m. At each depth, the stress distribution and
displacement of the structure are evaluated. The results
do not show any sudden changes in behavior within this
range. Both stress and deformation increase with
pressure, and the response remains essentially linear
elastic. When the results obtained for the solid material
are compared with those including infill-based
properties, differences in deformation become evident.
The maximum stress values, however, remain very
similar. This observation suggests that infill mainly
affects stiffness rather than stress level. From a practical
point of view, the container can be considered safe up to
100 m in depth when compared with the reported yield
stress of ASA. The approach used in this work may
therefore be helpful during the early stages of design.

Keywords - Additive manufacturing; ASA; homogenization;
infill; finite element analysis; pressure loading.

[. INTRODUCTION

In recent years, additive manufacturing, and in particular pol-
ymer 3D printing, has received widespread attention as an alter-
native technology to produce engineering parts with complex ge-
ometries. The ability to produce quickly, reduce manufacturing
costs, and minimize material waste are among the factors that
make this technology attractive for Performance oriented engi-
neering applications. Among these applications, the design and
manufacture of enclosures and bodies subjected to external pres-
sure, particularly in underwater systems, have been proposed as
emerging areas. Enclosures used in underwater environments usu-
ally must meet other requirements such as low weight, economical
manufacturing, and the possibility of implementing complex ge-
ometries in addition to withstanding hydrostatic pressure. In this
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regard, polymer 3D printing can be a suitable alternative to tradi-
tional manufacturing methods.

Existing real-world deployments of underwater and distrib-
uted sensing systems further emphasize the need for reliable and
mechanically robust enclosures in operational environments [1].
Additively manufactured enclosures can be relevant in practical
underwater systems, where compact and lightweight housings are
required for the integration of sensing and electronic components
[2]. However, the mechanical behavior of printed parts under ex-
ternal pressure requires careful, informed investigation, given the
inherent characteristics of additive manufacturing. One of the
most critical challenges in the numerical analysis of 3D-printed
parts is accounting for the internal infill structure. Infill, which is
used to reduce weight and manufacturing time, leads to the crea-
tion of a heterogeneous microstructure inside the part and, as a re-
sult, changes the effective mechanical properties of the material
compared to the bulk state. Ignoring this issue can lead to inaccu-
rate estimates of the structure's stiffness and deformation behavior,
particularly in applications where deformation limits are critical.
In many existing numerical studies, the effect of infill is either
completely ignored or accounted for using empirical reduction
factors applied to material properties. Although these approaches
are helpful for simple initial estimates, their strong dependence on
the type of infill, print pattern, and manufacturing conditions limits
the generalizability of the results. On the other hand, explicit mod-
eling of the infill geometry at the structural scale is not practical
and cost-effective for design-oriented analyses due to its geomet-
ric complexity and high computational cost.

Accordingly, the use of homogenization and multiscale ap-
proaches is proposed as a suitable approach to account for the infill
effect without increasing the complexity of the structural model.
In this study, a design-oriented numerical framework is presented
to investigate the mechanical behavior of a 3D printed ASA con-
tainer under uniform external pressure. First, the material's effec-
tive mechanical properties are extracted using a volumetric repre-
sentative model, and these properties are subsequently incorpo-
rated into the finite element analysis of the container. The struc-
tural behavior of the container is investigated under equivalent
pressures at different depths, and the results are discussed in terms
of stress, deformation, and safety margin relative to the material's
yield stress.

The remainder of the paper is structured as follows. Section 2
reviews the related works and provides background on underwater
enclosures and the mechanical behavior of additively manufac-
tured parts. Section 3 presents the proposed methodology, includ-
ing the design considerations, material selection, geometrical con-
figuration of the enclosure, effective material modeling based on
the infill structure, and the finite element framework used for the
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structural analysis. Section 4 reports the numerical results obtained
under different external pressure levels, while Section 5 discusses
these results in terms of structural performance, stress distribution,
and deformation behavior. Finally, Section 6 concludes the paper
and highlights the main findings and potential directions for future
work.

II. RELATED WORK

Nowadays, deployments of underwater and aquatic monitor-
ing systems and wireless sensor networks are significantly increas-
ing, as these technologies are being used in a wide range of scien-
tific, environmental, and industrial applications. This growing re-
liance on sensing units operating in submerged and often harsh
conditions simultaneously raises the need for reliable, isolated, and
mechanically robust housings to ensure their continuous and sta-
ble performance. In such environments, protective enclosures play
a key role in maintaining device integrity, preventing damage
from external pressure and environmental influences, and ulti-
mately supporting the long-term functionality of underwater sens-
ing systems [1][2].

Fused Filament Fabrication (FFF) 3D printing is widely used
to fabricate polymer parts, mainly because the fabrication process
is simple and does not require complex equipment. However, it is
obvious that the parts produced by this method cannot be
considered as completely uniform materials due to the way the
parts are fabricated. For example, studies have shown that by
changing the printing direction, significant changes in the stiffness
and strength of the parts can be achieved. Ahn et al. were among
the first to demonstrate this experimentally and directly relate it to
the layer-by-layer printing process [3]. Similar behavior has also
been reported for various thermoplastic polymers, and it has been
shown that the internal arrangement formed during printing plays
a decisive role in the load transfer within the part [4][5].

ASA has been increasingly considered for FFF applications,
especially where better environmental resistance than ABS is
required. Cahyadi reported stress-strain curves and Young’s
modulus values by performing tensile tests on printed ASA
samples and showed that these properties are strongly dependent
on the printing parameters [6]. In a different approach, Yap et al.
investigated the mechanical response of ASA parts by combining
ultrasonic measurements and finite element analysis [7]. Their
results showed that the properties extracted from the tests can be
used in numerical simulations, although the material behavior
remains dependent on the printing direction. Hameed et al. also
investigated the effect of process parameters on the elastic
modulus and tensile strength of ASA using the Taguchi design of
experiments and reported a similar trend [8].

Instead of focusing on ASA, some studies have investigated
the behavior of this polymer in comparison with other common
polymers in FFF. Vazquez-Martinez et al. showed that different
printing strategies can have a significant impact on the mechanical
behavior and wear of ASA parts [9]. Their results indicate that
even relatively small changes in the internal structure can lead to
significant differences in the final part performance. This suggests
that material selection alone is not sufficient to achieve the desired
performance and that the internal structure of the part should also
be considered as part of the design process. The effect of infill, or
the percentage of filling between the printed walls of the part, on
the mechanical behavior of printed parts has been investigated in
several experimental studies. In general, increasing the infill
density leads to an increase in the stiffness and strength of the part,

although this relationship is not necessarily completely linear [10],
[11]. By combining mechanical tests and finite element
simulations, Rankouhi et al. showed that numerical predictions of
the behavior of printed parts are only reliable if the effect of the
internal structure is included in the model [12]. Similar results
have been reported in failure studies, where neglecting the infill
has led to incorrect calculations of critical stresses and damage
parameters [13].

In terms of numerical modeling, two main strategies are
commonly used to consider the effect of the infill. In one approach,
the infill geometry is explicitly modeled in a finite element mesh,
which, although allows for a detailed investigation of the local
stress distribution, has a high computational cost [12]. In the
second approach, the internal structure is derived using effective
material properties and is replaced by homogenization methods
[14][15]. These methods are often based on classical concepts of
cellular materials, such as the framework presented by Gibson and
Ashby, and allow for the effect of the internal structure to be
considered without excessively increasing the complexity of the
model [14].

Despite the large body of studies on the mechanical behavior
of FFF parts and the role of infill, most of these studies have
focused on tensile or bending loading. Investigations of polymer
structures under external pressure, which is important for
applications such as pressure vessels, have been much less
reported [16][17]. Furthermore, the use of effective properties due
to infill in the framework of a design-oriented finite element
analysis for ASA parts has not been widely investigated. The
present study aims to address this gap by numerically analyzing
an ASA vessel under external pressure using effective material
properties. Overall, this study contributes by addressing the
limited investigation of FFF structures under external pressure and
by incorporating effective material properties into a practical
design-oriented numerical framework.

III. METHODOLOGY

A. Design Considerations and Material Selection

This section describes the main design considerations and
material selection criteria adopted in the development of the
3D-printed enclosure. The functional requirements, operating
conditions, and practical constraints of underwater applica-
tions are taken into account in defining the overall design ap-
proach. In addition, the rationale behind selecting the printing
material and manufacturing strategy is discussed, providing
the basis for the subsequent numerical analysis. The design
problem was to develop a housing to carry a set of sensors and
electronic equipment in the underwater marine environment. This
housing consists of two separate sections: one section for housing
the electronic boards and sensors, and the other section for
carrying the battery. Due to the variety of sensors and the
complexity of the internal component arrangement, the final
geometry of the housing was inherently complex.

To control manufacturing costs, reduce production time, and
enable rapid design modification and iteration, parts were manu-
factured using a 3D printer using the Fused Filament Fabrication
method. As is evident, this method allows the production of com-
plex geometries without the need for molding and is very suitable
for design-oriented applications.
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In selecting the material, the limitations associated with fila-
mentary polymer materials, the limitations of the 3D printer, and
the operating conditions in the underwater environment were con-
sidered. Among the available materials, ASA was selected due to
its suitable mechanical properties, thermal stability, and better re-
sistance to environmental conditions. Literature reports also show
that ASA has lower water absorption than ABS, which is im-
portant for underwater applications. Therefore, the other subfam-
ily of this group, ABS, was removed from the list of materials con-
sidered. Although there is a wider variety of polymer materials for
3D printing, many of them require more advanced equipment and
specific printing operating conditions. In particular, some materi-
als require higher temperatures at the nozzle and the printing bed,
which increases the cost of the device and the complexity of the
process. Given that ASA can be printed at temperatures of about
240 ° C for the nozzle and about 90-100 ° C for the printing bed,
its use is possible with existing equipment and is relatively eco-
nomically justified.

B. Geometrical Design and Structural Layout

Several initial ideas were considered for the design of the
enclosure. In all of these designs, printing time constraints,
printable dimensions with the existing machine, and resistance
to high pressure were considered as the main factors. Given the
need for the enclosure to operate at depths of more than 40
meters, the initial design started with geometries close to
spherical structures, as these types of geometries are inherently
suitable for withstanding external pressure. After examining
various options, the final design resulted in a capsule structure
that, while maintaining adequate resistance to external pressure,
provided the most useful internal space for placing equipment
and also provided greater and better access for maintenance. The
thickness of the walls was chosen by considering the required
internal space, the dimensional constraints of the printer, and the
need to provide sufficient structural strength.

The enclosure consists of four main parts. At the junction of
the sensor-carrying section and the battery-carrying section, a
flange is provided for assembling these two parts. The parts are
connected to each other by screws to allow assembly, disassem-
bly and repairability. The final geometry of the enclosure and the
overall assembly layout resulting from this design process are
shown in Figure 1.

Figure 1: Geometry of the pressure enclosure and assembly layout —
isometric view

C. Effective Material Modeling Based on Infill Structure

In the initial analysis phase, the enclosure was modeled as
a solid using the reported mechanical properties of ASA. The
Young’s modulus of the material was assumed to be:

E = 1850 MPa (1)

This value was selected based on experimental studies

reported in the literature. In order to investigate the overall strength
of the enclosure, the reduction in printing time by using a lower
percentage of infill was investigated. Hence, a homogenization
approach was used to extract the effective Young’s modulus. In
this regard, a Representative Volume Element (RVE) model with
dimensions 10 X 10 X 10mm3 created.
In this model, the infill structure was considered based on the
actual printing process specifications including layer height, wall
width, and extrusion width. These parameters were chosen to suit
a printer equipped with a 0.4 mm nozzle. The representative
volume element used to model the infill architecture and printing
parameters is illustrated in Figure 2.

Figure 2: RVE model with infill architecture and printing parameters

To extract the effective modulus, one side of the RVE model was
fully constrained, and a uniform displacement was introduced to
the opposite side. Finally, the reaction force value was read. This
value was equal to 1.69 MPa. This value represents the macro
stress. Then the macro strain was calculated. And by dividing this
value, we arrived at the effective modulus value. The effective
Young’s modulus is obtained as:

O 1.69
=27 _ 1690 MP 2
0.001 a @)

Eef =
emacl‘o

Comparing this value with the modulus of the material with
100% infill showed that the porosity, load transfer path, and
infill architecture resulted in a reduction of about 9% in effec-
tive stiffness. With this effective modulus, there was no need
to model the infill at the structural scale, and the enclosure was
modeled as a homogeneous material with the new effective
properties calculated.

D. Finite Element Model and Boundary Conditions

Numerical simulations were carried out in Abaqus. The geom-
etry was discretized with 3D triangular elements, applying a max-
imum element size of 6 mm. In the finite element setup, bolt posi-
tions were coupled to reference points, where displacements were
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fully constrained while moments were left unconstrained. This ap-
proach simplifies the bolt connection, allowing for efficient ex-
traction of the necessary results. The finite element discretization
of'the enclosure and the applied boundary conditions are shown in
Figures 3 and 4, respectively.

Figure 4: Finite element boundary conditions

The loading is applied as an external pressure resulting from
the pressure difference between the environment and the inside
of the chamber. Since the pressure inside the chamber is approx-
imately equal to atmospheric pressure, only the pressure differ-
ence is considered in the analysis. This simplified method is
modeled and is well suited for design-oriented analyses. The ex-
ternal pressure corresponding to a depth of 50 meters is equal to:
p = 0.5 MPa was considered and this pressure was applied to
all external surfaces in contact with seawater. Analyses were also
performed for greater depths with a proportional increase in
pressure.

E. Output Quantities and Evaluation Criteria

The studies were conducted at external pressures from depths
of 50, 70, and 100 meters. These studies were conducted at two
cases: a normal modulus of 1850 and an infill of 1690; the results
are presented. In all contour plots, stresses are reported in terms of
von Mises stress in MPa, while displacements are expressed in
millimeters.

A representative von Mises stress distribution for an external
pressure corresponding to a depth of 50 m is shown in Figure 5
and the corresponding total displacement field for the same
loading condition is presented in Figure 6.

S, Mises
+1.121e+01

+9.440e-01
+1.072e-02

Figure 5: Von Mises stress contour at 50 meters depth

U, Magnitude
+1.529%-01
+1.401e-01
+1.274e-01
+1.147e-01
+1.019%e-01

+3.822e-02
+2.548e-02
+1.274e-02
+0.000e+00

Figure 6: Displacement contour at 50 meters depths

IV. RESULTS

In this section, we share what we observed when putting the
ASA enclosure to the test under several different external
pressures. We wanted to find out the maximum von Mises stress
and the greatest displacement the enclosure would face at
pressures matching 0.5, 0.7, and 1 MPa. For every pressure
scenario, we analyzed the enclosure twice: once with solid ASA,
and once with a material that incorporates the effective properties
determined by the RVE analysis. By comparing these sets of
results, we gained a clear picture of how the enclosure performs
depending on which material model is used, while keeping the
loading conditions the same.

A. Numerical Results

The numerical results obtained at different external pressures
for different values of Young’s modulus are summarized in Table
1. As shown, with increasing external pressure, the maximum von
Mises stress and maximum displacement increase in both material
models. For all investigated pressure levels, the maximum stress
values in the two material models do not differ significantly from
each other, while the maximum displacement in the model based
on effective properties is uniformly larger than that of the bulk
material.
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Young's Max Von Max
Depth Pressure Modulus Mises Displacement

(m) (Mpa) (Mpa) (Mpa) (mm)
50 0.5 1850 11.21 0.1397
50 0.5 1690 11.21 0.1529
70 0.7 1850 15.69 0.1955
70 0.7 1690 15.69 0.214
100 1 1850 22.42 0.2793
100 1 1690 22.42 0.3058

Table I: Maximum von Mises stress and displacement under different
external pressures.

B. Effect of External Pressure

To better understand how the structure shifts as we increase
the external pressure, The variation of the maximum displacement
with external pressure for both material models is shown in Figure
7. 1t’s clear from the graph that the higher the pressure, the more
the structure moves—and this increase is almost perfectly linear.
When we switched to the effective properties model, which has a
lower Young’s modulus, we saw even greater displacement at
every pressure point. Still, the general way the structure responds
doesn’t really change between the two materials.

0.35
03

0.25
0.2

0.15
0.1
0.05

Maximum displacement (mm)

0.45 0.55 0.65 0.75 0.85 0.95 1.05
Pressure (MPa)

—e— Displacement Solid ASA e— Displacement Effective ASA

Figure 7: Maximum displacement versus external pressure for
solid and effective ASA material models

C. Qualitative Stress and Displacement Distribution

To help you visualize how the structure responds, we focused
on a typical case and examined both the von Mises stress
distribution and the total displacement. Our goal was to show the
main trends in stress and deformation throughout the structure, not
to get bogged down in comparing precise numbers from different
scenarios or materials. If you check out Figure 4, you'll notice that
the most stress shows up around the bolt holes and ribs. That's
where the structure is working the hardest, mostly because of how
it's supported and how the forces move through the shell.
Everywhere else, the stress is much more even and drops off the
farther you get from those busy areas. Figure 5 gives you a look at
how the structure actually moves when pressure is applied. The
areas that shift the most are those farthest away from where the
enclosure is anchored, especially in the lower parts that take on
more of the load. Closer to the bolt connections, movement is
limited. This matches up perfectly with what we’d expect, given
the way we set up the supports and loading in our model.

V. DISCUSSION

The consistent, linear response we saw in the enclosure isn’t
just a basic feature of the material—it actually comes from the
smart combination of the enclosure’s shape, how it’s held in place,

and where the load is applied. What’s really notable is that
switching from a solid material to an infill-based one didn’t cause
any big changes in how the structure behaved. This shows that the
design is robust: the overall performance stays steady, even when
you tweak the material stiffhess a bit. That’s a real win for anyone
focused on practical, design-oriented engineering. Here, using the
effective Young’s modulus from the RVE model helps us get
arealistic picture of the structure’s stiffness. If you use less infill,
the material becomes less stiff, and not surprisingly, the part flexes
a bit more. But importantly, the places where stress builds up and
the overall pattern of movement don’t really change. This lines up
with what we expect: changing stiffness changes how much
something bends, but the stress pattern itself is more about the
loading and the design.

For designers, that’s great news, it means you can use less infill
to make lighter, quicker, and cheaper parts without raising the
most critical stresses, as long as the extra flex is still okay for how
the part will be used. This is especially useful for 3D-printed
enclosures where keeping costs and print times down really
matters.

By using effective properties instead of modeling every detail
of the infill, our method lets you capture the key effects of the
part’s internal structure without making things overly complex.
This not only makes the analysis much faster, but also lets you
quickly try out changes to pressure, wall thickness, or geometry—
no heavy-duty calculations required. This kind of flexibility is
exactly what you want in the early design stages, when you need
to spot problem areas and compare lots of different ideas without
slowing down.

VI. CONCLUSION

In this study, the structural behavior of a printed ASA
enclosure under external pressure was investigated using finite
element analysis. In order to account for the infill effect without
increasing the complexity of the model, the effective Young's
modulus extracted from an RVE model was used and the resulting
structural response was compared with the bulk material case. The
results showed that in the range of pressures considered, the use of
effective properties leads to a predictable increase in the
displacement of the structure, while the critical stress level and
stress distribution pattern are not affected.

This allows the use of less infill as a design tool to reduce the
time and cost of construction, without increasing the critical stress
in the structure. The presented approach can be used as a practical
framework for the initial evaluation of printed enclosures under
uniform external pressure and to support design decisions in the
early stages of product design. Future work can focus on further
improving and extending the presented framework. Experimental
tests may be conducted to validate the numerical predictions and
evaluate the behavior of printed enclosures under real operating
conditions. In addition, the approach can be applied to different
geometries, infill configurations and material systems to examine
its general applicability. The influence of nonlinear effects, long-
term loading and environmental factors such as temperature and
moisture can also be explored to provide a more comprehensive
understanding of the structural performance of additively
manufactured enclosures under external pressure.
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