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Abstract

Functionally graded multi-material architected structures fabricated by fused deposition
modeling (FDM) were investigated to evaluate their multifunctional mechanical and
dynamic performance. Sixteen honeycomb configurations incorporating poly(lactic acid)
(PLA), thermoplastic polyurethane (TPU), and wood-filled PLA (WWE-PLA) were de-
signed by systematically varying material distribution, cellular geometry, and structural
density as integrated architected configurations. Compression, flexural, dynamic me-
chanical, free-vibration, density reduction, and water absorption tests were conducted,
and the experimental responses were objectively evaluated using the CRITIC-WASPAS
multi-criteria decision-making framework. Among the investigated configurations, A16
exhibited the highest overall performance, achieving 41.8 MPa compressive strength, 56.4
MPa flexural strength, 1425 MPa storage modulus, 0.162 loss factor (tan ), 3.7% damping
ratio, and 39% density reduction. Compared with the baseline configuration (Al), A16
demonstrated improvements of 14.5%, 17.0%, 20.8%, 44.6%, 76.2%, and 77.3% in the re-
spective performance metrics. The proposed framework provides an objective approach
for ranking integrated architected designs for lightweight multifunctional engineering
applications.
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The layer-by-layer fabrication method of FDM allows for printing highly complicated
structures with controlled internal architecture, such as architected cells, lattices, and
functionally graded materials, which cannot be produced via conventional subtractive
manufacturing processes. Modern developments in multi-material FDM have addition-
ally increased design flexibility and opened up new avenues in the field of engineering
by allowing the fabrication of systems containing rigid and flexible polymers with con-
trolled stiffness and lightweight features, vibration isolation capability, enhanced heat
resistance, and energy absorption properties [7-9]. Overall, multi-material architected
structures developed using FDM can be applied in numerous engineering tasks aimed at
structural and dynamic performance optimization.

There are many different types of architected structures with unique properties and
applications; however, in recent decades, researchers have focused on developing hon-
eycomb geometries, which exhibit the best stiffness-to-weight ratios, high energy ab-
sorption capability, effective load distribution, and enhanced deformation capabilities
under dynamic loading [10,11]. Honeycomb structures are extensively used in sandwich
panels, protective systems, vibration isolators, impact-resistant systems, and support
structures due to the possibility of dissipating mechanical energy through elastic and
plastic deformation [12-14]. In recent times, more and more researchers have attempted
to use viscoelastic polymer materials such as thermoplastic polyurethane (TPU) for in-
creasing damping and vibration mitigation capabilities. In addition, biodegradable and
environmentally friendly polymer materials like polylactic acid (PLA) and walnut wood
fiber—polymer composite (WWEF-PLA) have become an important topic of scientific re-
search due to their environmentally friendly properties, low density, and suitability for
processing via FDM technology [15-17]. As a result, multi-material architected cellular
structures made from rigid polymer and viscoelastic phases may offer a high potential in
engineering designs aimed at enhancing mechanical stability and vibration attenuation
capacity of parts under dynamic loads.

Despite the progress made in these areas, finding the right balance of stiffness, light
weight, manufacturability, and damping capability still presents a challenge when de-
signing multi-material FDM structures. Most studies currently focus on either the me-
chanical performance of single-material lattice systems or the structural stiffness of mul-
ti-material architected structures without considering their vibrational damping capabil-
ities. In most cases, adding flexible materials enhances the vibration damping capability
of such architected structures at the expense of structural stiffness and strength, making
them impractical for use in engineering applications. Additionally, the interface com-
patibility of different materials, weak layer adhesion, printing errors, and uneven stress
distribution often compromise the mechanical performance and repeatability of mul-
ti-material FDM structures. While some studies have utilized the cellular architecture of
multi-material architected FDM structures to enhance energy absorption and dampen
vibrations, systematic optimization of functionally graded honeycomb multi-material
architected structures remains largely unexplored [10,18]. Our previous study,
Subramani [19], investigated functionally graded thermoplastic architectures using the
Analytic Hierarchy Process (AHP) to identify an optimal structural configuration based
primarily on viscoelastic performance criteria. The present study extends that work in
several important aspects. First, a different multi-material system comprising PLA, TPU,
and WWEF-PLA functionally graded honeycomb structures is investigated experimen-
tally. Second, the engineering assessment is expanded to include compressive strength,
flexural strength, dynamic mechanical behavior, free-vibration response, density reduc-
tion, and water absorption. Third, the optimization is performed using an objective
CRITIC-WASPAS framework, in which criterion weights are determined directly from
the experimental data rather than subjective pairwise comparisons. Consequently, this
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work focuses on establishing an integrated experimental and objective evaluation
methodology for multifunctional architected FDM structures rather than introducing a
new optimization algorithm. Furthermore, research gaps exist in the development of de-
cision-making processes capable of optimizing the design of these structures by evalu-
ating multiple design parameters and performance criteria. Therefore, there is a need for
optimized multi-material architected structures with high vibration damping capabilities
in lightweight additive manufacturing processes based on integrated pro-
cess—structure—performance analyses and multi-criteria decision-making techniques.

Recent advances in additively manufactured architected structures have shown
promising results in enhancing the functional performance of these structures through
hybrid materials, lattice geometry optimization, and functionally graded designs. For
instance, O’Keefe et al. [20] found that architected cellular structures produced using
additive manufacturing possess high stiffness-to-weight ratios and can effectively control
their deformation capabilities, which make them ideal for lightweight structural designs
and efficient energy absorption. Similarly, Khizar et al. [21] highlighted that architected
structures such as honeycombs and lattices have high mechanical efficiency because they
redistribute stress through their periodic cellular architecture while minimizing struc-
tural mass. In the domain of polymer additive manufacturing, Sagar et al. [22] examined
the mechanical performance of FDM-printed PLA structures and found that print orien-
tation, raster structure, and layer adhesion significantly influence the tensile and com-
pressive capabilities of the printed parts. Ulkir et al. [23] showed that the internal infill
geometry and printing parameters directly influence the stiffness, anisotropic defor-
mation, and failure mode of FDM structures. While these studies provided insights into
the relationship between the printing process and the geometric structure of
FDM-printed parts, most studies focused on the static performance of the printed parts
rather than their vibrational damping capability.

In an effort to overcome the limitation of insufficient damping performance of rigid
thermoplastics, some researchers have integrated flexible viscoelastic materials into AM
architectures. Ye et al. [24] developed multi-material structures based on rigid PLA and
soft TPU lattices and found that energy dissipation was improved due to the deformation
of viscoelastic TPU-rich regions. Along similar lines, Pandey et al. [25] showed that hy-
brid polymer architectures featuring both rigid and soft polymers are capable of achiev-
ing superior vibration mitigation performance due to shear deformations at interfaces
and hysteretic energy dissipation behaviors. Another study by Yurtbasi et al. [26] showed
that the presence of TPU in cellular structures fabricated through dual-nozzle FDM leads
to improved impact energy absorption and resonant response suppression compared
with monolithic polymer counterparts. Very recently, Tabril et al. [27] also proved that a
well-considered distribution of functionally graded materials in multi-material lattice
structures can contribute greatly to stress transmission and deformation control. Addi-
tionally, it was demonstrated that flexible polymeric interlayers in architected honey-
comb cores (Bian et al. [28]) can enhance the vibration isolation performance due to local
deformations and progressive energy dissipation in cellular regions. Even though several
works have shown promising results related to multi-material AM, most of the previous
studies were confined to simple lattice architectures without systematic optimization of
material distribution schemes through multi-criteria evaluations.
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At the same time, there has been rising interest in the use of sustainable composite
materials in additive manufacturing processes because of their lightweight nature, bio-
degradability, and low environmental impact. For instance, Bhattacharjee et al. [29] re-
ported that wood fiber-reinforced PLA composite structures manufactured using FDM
exhibit enhanced dimensional stability and stiffness compared with neat PLA structures.
Also, Teriya et al. [30] showed that natural fiber-reinforced thermoplastic composites
possess favorable specific mechanical properties as well as lower environmental impact
when used in lightweight applications. However, the inclusion of natural fiber fillers in
polymers can lead to some problems related to weak interlayer bonding, higher porosity,
and non-uniformity of printing. Thus, researchers have considered hybrid material
combinations involving both rigid biocomposites and flexible polymers. Notwithstand-
ing substantial developments in multi-material additive manufacturing and architected
cellular structures, several vital challenges continue to exist in the present literature.
Firstly, most research studies focus primarily on either the static mechanical properties or
energy absorption capability of single-material lattices, whereas relatively few works
explore the joint optimization of stiffness retention, lightweight design, damping aug-
mentation, and manufacturing capability of functionally graded multi-material FDM
structures. Secondly, although many earlier studies on vibration damping have used
simple lattice architectures or homogeneous materials, the impact of material grading
and architected honeycomb architectures on the dynamic behavior of these materials has
not been sufficiently studied. Although flexible polymers like TPU have been added to
rigid thermoplastics to enhance energy dissipation, excessive introduction of viscoelastic
components may significantly decrease stiffness and structural integrity, limiting the
application in engineering. Thirdly, the interface between rigid and flexible polymers,
stress transfer in graded materials, and vibration mitigation mechanisms in architected
honeycombs require further investigation. The final constraint in the existing literature
relates to the absence of an integrated optimization framework to analyze various con-
flicting performance parameters. Additive manufacturing optimization research typi-
cally involves single-response optimization, which does not adequately consider the
multiple requirements of multifunctional structures. For example, the dynamic damping
performance, mechanical robustness, reduced weight, and environmental stability of the
structure should be analyzed simultaneously. Thus, there is still a necessity to develop a
comprehensive optimization methodology based on the process—structure-performance
approach of functionally graded multi-material FDM structures using multi-criteria de-
cision-making techniques.

For instance, Faci et al. [31] examined graded PLA/TPU cellular structures and ob-
served that material optimization considerably enhances the damping capacity of such
structures without compromising compressive strength. In addition, MCDM has recently
become an efficient tool for optimizing additive manufacturing processes with conflict-
ing criteria. For instance, Khan et al. [32] adopted a TOPSIS-based optimization strategy
to select the best FDM process parameters by balancing mechanical and surface quality
criteria. Likewise, Atalay et al. [33] applied CRITIC-based optimization to rank
high-performance composite designs based on various engineering criteria. Nonetheless,
despite these advances, the use of architected honeycombs with functionally graded
multi-materials and advanced data-driven optimization strategies such as CRIT-
IC-WASPAS to assess the vibration damping performance, mechanical stiffness, density
reduction, and manufacturing capability of structures remains unexplored.

The motivation behind conducting this research lies in the increasing need for
lightweight yet highly functional structures that can provide better vibration isolation
while maintaining adequate mechanical strength and manufacturability properties. More
specifically, various industries, such as transportation, robotics, aerospace, automotive
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systems, protective engineering, and lightweight structures, among others, require addi-
tively manufactured parts that are tailored according to their dynamic properties to en-
sure resonance avoidance and prevent vibration propagation. In this sense, architected
honeycomb structures made with multi-material FDM show great promise because they
allow for controlling the material layout, internal structure, deformation modes, and
dissipation channels. Moreover, the use of environmentally friendly materials, such as
biodegradable PLA, flexible TPU, and wood-reinforced PLA (WWE-PLA) composites,
provides additional benefits for sustainability and improved performance due to the
lightweight nature of these materials. Nevertheless, achieving optimal material layouts,
graded structures, and structural forms is not an easy task, as improved damping usually
comes at the expense of reduced stiffness or increased manufacturing complexity. In
view of these challenges, the formulation of a suitable multi-objective optimization
method becomes necessary to select the best possible multi-material design in a set of
alternatives based on several engineering criteria.

To this end, the current study utilizes the multi-material FDM structures and mul-
ti-criteria decision-making techniques that have been reported individually in previous
studies; their combined application to functionally graded PLA/TPU/WWEF-PLA honey-
comb architectures for simultaneous optimization of mechanical, dynamic, and physical
performance has received limited attention. In this work, an integrated experimental and
objective optimization framework based on CRITIC-WASPAS is employed to evaluate
sixteen functionally graded architected configurations. The proposed methodology ena-
bles systematic ranking of alternative designs using multiple engineering performance
criteria and establishes a process—structure—performance relationship for multifunctional
lightweight architected structures. The rest of the paper is structured as follows: the Ma-
terials and Methods Section covers the materials used, specimen design and fabrication
techniques, as well as test procedures; the Optimization Framework Section introduces
the CRITIC-WASPAS optimization method; the Results and Discussion Section describes
the obtained experiment data and the optimization analysis.

2. Materials and Method

Selecting the proper constituent materials for manufacturing lightweight damped
architected structures is important since they should have appropriate mechanical and
viscoelastic properties, allowing the retention of stiffness, energy dissipation, dimen-
sional stability, and manufacturability using FDM. This work uses three commercially
available thermoplastic feedstocks for fabrication of multi-material architected structures
based on a functionally graded concept: polylactic acid (PLA), thermoplastic polyure-
thane (TPU), and walnut wood fiber-reinforced PLA (WWE-PLA).

For creation of stiff structural elements, we chose PLA filament since it demonstrates
good printability, high dimensional accuracy, relatively high elastic modulus, and min-
imal likelihood of warping and biodegradability, alongside the wide industrial adoption
of this polymer in extrusion-based additive manufacturing. In contrast to conventional
FDM polymers like acrylonitrile butadiene styrene (ABS), PLA possesses reduced
shrinkage upon cooling, better layer adhesion, and simpler process conditions, which
allow for creating more complex honeycomb geometries without significant distortions.
Additionally, PLA has increased stiffness compared with elastomeric materials; hence,
the use of this polymer in multi-material architecture ensures the highest possible stiff-
ness of printed structures. Commercial PLA filament with a diameter of 1.75 mm has
been acquired from an Indian additive manufacturing supplier at a price of 3850-31100

per kg.
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TPU was selected as an intermediate layer with high elasticity, strain recoverability,
impact resistance, and energy dissipation due to hysteretic effects during mechanical vi-
brations. It is worth noting that in contrast to other polymers used in FDM, TPU has high
viscoelasticity, providing vibration mitigation by internal friction and plastic defor-
mation of polymer molecules. The research indicates that damped architected structures
created with TPU show high suppression of resonant effects and rapid decrease in vi-
bration due to localized elastic deformation and hysteretic effects. TPU also outperforms
silicon-based elastomers and thermoset rubbers in terms of applicability for printing
since TPU has thermoplastic properties and can be directly applied for creation of struc-
tures in FDM systems without any additional steps like curing. TPU filament of Shore
hardness 95 A, with a diameter of 1.75 mm, was purchased from Indian suppliers in the
price range of 3180032400 per kg. Even though TPU is less stiff compared to PLA, its
usage in the intermediate core region ensures the controlled deformation of the structure
with dissipation of energy without significant increase in the total structure weight. In
addition, sustainable and lightweight properties of the selected architected structures
have been ensured through the use of WWEF-PLA in the outer graded regions.
WWE-PLA natural fiber fillers are preferred for their reduced density, improved surface
finish, partially biodegradable nature, enhanced stiffness-to-weight ratio, and ability to
dissipate internal frictional energy during deformation. The commercial WWF-PLA fil-
ament, with approximately 15-20 wt.% walnut wood fiber reinforcement, was pur-
chased from Indian additive manufacturing material distributors in the range of
¥6400-38000 per kg. Prior to the printing process, all the materials were dried in the range
of 50-55 °C for about 6 h. This ensured the absence of any porosity and interfacial issues
associated with moisture presence during the extrusion process. Details of the feedstocks
with their commercial information are presented in Table 1. The availability of rigid PLA,
flexible TPU, and lightweight WWEF-PLA material combination ensured the development
of multifunctional architected structures that retain stiffness and provide dissipation of
energy during cyclic loading with reduced structure weight.

Table 1. Material properties, commercial details, and justification for selection of feedstock mate-

rials used in the present investigation.

Approximate . .
Mate- 1 Availa-
riaale Key Properties Cost Comme;icll; varia Justification for Selection
(INR/kg) Y

High stiffness, low warp- Widely available f:jfaitijcziieolf)li"gn;tiyg;igol :1 lﬁii;Z?EImg ma-

PLA  age, biodegradable, good 3850-1100 through Indian AM s P P. Y
; . s . structural rigidity, and stable interlayer adhe-
dimensional stability suppliers . . -
sion during FDM processing

TPU High elasticity, viscoelastic Commercially availa- Incorporated to improve vibration attenuation
(95 A) damping, impact re- %1800-%2400 ble through industrialcapability through hysteretic energy dissipa-

sistance, strain recovery polymer distributors tion and cyclic deformation behavior

LA

Lightweight, partial bio-
WWE-Pdegradability, enhanced
internal friction, aesthetic

texture

Available through  Introduced to reduce density while improving
%6400-%8000 specialty composite stiffness-to-weight ratio and localized damping
filament suppliers  through natural fiber reinforcement
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Sixteen different architected designs were developed employing Autodesk Tink-
erCAD (free and online) CAD tools based on the systematic variation in material se-
quence, TPU layer thickness, honeycomb cell density, and material grading scheme. The
goal was to assess the impact of structural architecture and material distribution on the
dynamic damping performance of printed components. The hexagonal honeycomb
structure was adopted for its higher plane stress stiffness efficiency, controllable defor-
mations, and superior energy dissipation capabilities relative to rectangular and trian-
gular filler architectures. Earlier work showed that hexagonal honeycomb structure pro-
vides better load redistribution and localized straining under dynamic loading with an
increased structural energy absorbing capability while keeping lower structural weight.
The architected specimens had geometry in compliance with ASTM D695 [34] standards
for compression tests and ASTM D790 [35] recommendations for flexural tests, which is
important for experiment reproducibility and comparison with previous findings in
FDM studies. The specimens were printed using the Bambu Lab Al FDM platform,
which has a 0.4 mm steel nozzle with automated switching of two materials. In addition
to accurate positioning and uniform extrusion control, the platform allows printing of
complex multi-material architected structures due to its multi-material deposition capa-
bility, automatic flow regulation, and proper layer registration. It should be noted that
the selected FDM system demonstrates higher dimensional repeatability and layer
shifting reduction compared with ordinary entry-level printers, which is critical for
structural consistency of multi-material printed structures. For material extrusion, a layer
height of 0.20 mm was applied as a balance between surface quality and interlayer ad-
hesion and print time. The extrusion temperatures were set to 210 °C for PLA material,
225 °C for TPU material, and 215 °C for PLA with WWF additive based on preliminary
melting flow tests and manufacturer recommendations. Print-bed temperature was kept
constant at 60 °C for all tested materials to prevent thermal contraction and improve ini-
tial layer adhesion performance. The printing speed was set to 50 mm/s for PLA, 40 mm/s
for TPU, and 45 mm/s for WWF-PLA to ensure stable extrusion and good interfacial
bonding during multi-material fabrication. Infill density was changed within the range of
40-80%, depending on the alternative configuration, in order to investigate the influence
of the cellular density on stiffness and damping ability. The raster pattern with angles
+45° was chosen, since previous studies demonstrated that stress distribution is more
uniform and more energy is dissipated under multiaxial loading than under single-axis
raster orientation. All specimens were made in the same environment with the temper-
ature at 27 + 2 °C in order to prevent process variation. Standard slicing parameters, in-
cluding perimeter walls, top and bottom layers, extrusion width, cooling fan speed, flow
factor, retraction settings, and print orientation, were maintained consistently in au-
to-mode for all specimens throughout the fabrication process to ensure dimensional ac-
curacy, uniform filament deposition, and repeatable mechanical performance. All spec-
imens were printed in the same build orientation to eliminate orientation-induced varia-
tions in the experimental results.

Figure 1 shows the slicing preview of the proposed architected specimen generated
in Bambu Studio. The figure represents the actual manufacturing workflow by illustrat-
ing the print orientation and internal honeycomb structure used for G-code generation
before FDM fabrication. Table 2 gives the information regarding the geometrical and
material arrangement in all sixteen architected design alternatives. The architected de-
sign alternatives were created through systematic variations in the parameters such as
the concentration of TPU, inclusion of WWEF-PLA, honeycomb cell dimensions, and the
degree of infill to analyze the impact of material gradient and cellular architecture on
damping characteristics, stiffness retention, and light weight. The variation in cell size of
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the honeycomb structure and viscoelastic material resulted in greater local deformation
and better energy dissipation.

Table 2. Geometrical configuration and material distribution of the sixteen functionally graded

architected alternatives.

Alterna- PLA Region TPU Region PLA-WWEF Re- Infill Density Honeycomb Cell . ..
. . . Structural Characteristic

tive (%) (%) gion (%) (%) Size (mm)

Al 100 0 0 40 8 Monolithic rigid structure

A2 90 10 0 40 8 Low TPU integration

A3 80 20 0 45 7 Improved flexibility

A4 75 20 5 45 7 Initial graded architecture

A5 70 20 10 50 . Moderate damping struc-
ture

Ab 65 25 10 50 6 Increased viscoelastic core

A7 60 30 10 55 6 Enhanced TPU deformation

A8 55 30 15 55 6 Lightweight graded struc-
ture

A9 50 35 15 60 5 Balrfmced multifunctional
design

A10 50 30 20 60 5 Ir'nproved lightweight effi-
ciency

All 45 35 20 65 5 Enhanced dynamic stability

AL2 40 40 20 65 5 ngh damping configura-
tion

AL3 40 35 25 70 4 Opt?rnlzed graded defor-
mation

Al4 35 40 25 70 4 Increased cellular flexibility

Al5 35 35 30 75 4 ngh—performance graded
architecture

AL6 30 40 30 80 4 Optl'mlzed. multifunctional
configuration

>

Printer

G-code Preview

Filament

1
Hyper PLA™

*  Mixed filaments ® Add mixed filament

It} Process (Global Advanced (@ X ¢

* 0.20mm Standard @SPARKX i7 0.4 ... B Q

5 Layer height

£ Line width

@™
2
(O]
&8

Figure 1. Slicing preview of the functionally graded honeycomb architected specimen showing the

build orientation, internal toolpath generation, and print preparation prior to FDM fabrication.
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FDM Printing

Figure 2 illustrates the full experimental process used in this investigation to de-
velop and characterize the proposed functionally graded multi-material architected
structures. At first, PLA, TPU, and WWEF-PLA were fabricated through FDM and were
used to fabricate the sixteen architected structures in different graded material distribu-
tions and honeycomb geometry shapes. Then, a compressive test under a universal test-
ing machine was performed in order to investigate the effect of these structures on stiff-
ness performance and deformation behavior. The free-vibration test was then done by
using the impact hammer—accelerometer method in order to study their effects on
damping performance, resonance suppression capability, and vibration behavior. Den-
sity and water absorption tests were also done in accordance with ASTM methods to
examine lightweight and durability performance, respectively.

J
y

Compression Test

Water Absorption Evaluation Density Measurement

Figure 2. Experimental procedure adopted for fabrication, mechanical characterization, dynamic
analysis, and physical property evaluation of functionally graded multi-material architected hon-
eycomb structures. (The red arrows indicate the sequential order of the experimental procedures,
beginning with FDM printing, followed by compression testing, free vibration analysis, density

measurement, and water absorption evaluation.).

After completion of the specimen manufacturing process, thorough characterization
experiments were carried out to investigate the performance and behavior of the mul-
ti-material functionally graded structures under various loading conditions. Quasi-static
compression tests were conducted in compliance with ASTM D695 specifications by uti-
lizing a computer-controlled universal testing machine incorporating a 100 kN load cell.
The goal of such tests was to examine the stiffness retention capacity, the deformation
characteristics, and the bearing strength of the investigated multi-material architectures
under applied compressive loading conditions. During this investigation a crosshead
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speed of 2 mm/min was selected to prevent brittle fracture of the specimens during
compression. Moreover, flexural tests were also conducted using a three-point bending
configuration in compliance with ASTM D790 guidelines to examine the structural ri-
gidity of the multi-material samples against bending deformation. Dynamic mechanical
analysis (DMA) was also carried out via a temperature-controlled dynamic mechanical
analyzer working under the dual cantilever mode with oscillation frequencies ranging
from 1 to 25 Hz. This technique allows for the determination of the viscoelastic response
in terms of storage modulus, loss modulus, and damping factor (tan d). Such a method
was chosen due to its direct evaluation of the energy dissipation behavior and the dy-
namic stiffness changes in multi-material polymeric structures subject to oscillating de-
formation. Additional free vibration testing was carried out via impact hammer and ac-
celerometer devices to determine the vibration decay behavior of the fabricated struc-
tures in addition to determining their damping ratios. Such testing was considered the
most appropriate since it mimics realistic dynamic loading conditions encountered in
engineered lightweight systems. Density measurements were performed by using the
Archimedes principle and in compliance with ASTM D792 [36] to determine the light-
weight characteristics of the fabricated samples. Furthermore, water absorption tests
were conducted by using the methodology described in ASTM D570 [37] to determine
the material stability against environmental factors. Finally, Scanning Electron Micro-
scope (SEM) investigation was performed to study the interface bonding quality, conti-
nuity, and defects developed in the dissimilar material regions. All experiments have
been carried out in triplicate to ensure consistency.

The process parameters and experimental characterization methods used in the
current study are listed in Table 3 below. The chosen set of FDM process parameters was
tailored to ensure reliable multi-material extrusion, better graded interface continuity,
and minimized process-related defects during architected structures’ fabrication. In ad-
dition, the standardized ASTM-based experimental methods were applied to increase
result reliability and comparability with other research findings on additive manufac-
turing.

Table 3. FDM processing parameters and experimental characterization standards employed in the

present study.

Parameter/Test

Specification Standard/Equipment Justification

Printer System

Nozzle Diame-
ter

Layer Height
Printing Speed

Nozzle Tem-

Bambu Lab A1 FDM Printer

0.4 mm

0.20 mm

40-50 mm/s

PLA: 210 °C;

Commercial dual-material Selected for stable multi-material deposition
FDM platform and dimensional repeatability
Improved extrusion stability and reduced

Hardened steel nozzle , - -
wear during composite filament printing

Optimized printing pa-  Balanced surface quality, fabrication time,
rameter and interlayer adhesion

Controlled extrusion con- Reduced interfacial defects and ensured ac-
dition curate material transition

Manufactur-

TPU: 225 °C; Ensured stable melt flow and proper inter-

er-recommended pro-

perature PLA-WWE: 215 °C . facial bonding
cessing range
Bed Tempera- 60 °C Heated print platform Reduc.ed warpage and improved first-layer
ture adhesion
Compression . . . Evaluation of compressive stiffness and
ASTM D695 Universal Testing Machine . .
Test crushing behavior
Determination of fl 1 rigidity and de-
Flexural Test ~ ASTM D790 Three-point bending setup erermination of Textiral fgldlty and de
formation resistance
DMA Dynamic Mechanical Ana- Dual cantilever mode Evaluation of storage modulus and damping
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Density Meas-
urement
Water Absorp-
tion

Free Vibration
Analysis

lyzer behavior

ASTM D792 Archimedes principle Determination of lightweight characteristics
ASTM D570 Gravimetric analysis Evaluation of environmental stability
Accelerometer and impact Measurement of vibration attenuation and

hammer setup

Experimental modal testing damping ratio

Though experimental testing helps us obtain quantitative information about a
structure’s performance, choosing the most balanced design among various competitive
configurations is not always an easy task since an improvement in one property leads to
degradation of others. For example, increasing the TPU volume enhances the structures’
damping ability but reduces their compressive stiffness. At the same time, the increase in
infill density makes structures more rigid but heavier due to material usage. Hence, the
optimization problem in multi-material additive manufactured architected structures is
inherently a multi-criteria decision-making (MCDM) one that involves conflicting engi-
neering properties. That is why the hybrid optimization approach combining the CRITIC
and WASPAS methods was employed in the current study to objectively rank sixteen
designs according to seven criteria: compressive strength, flexural strength, storage
modulus, damping factor (tand), damping ratio, reduction in density, and water absorp-
tion. The CRITIC method (Criteria Importance Through Intercriteria Correlation) was
chosen for assigning criteria weights since the algorithm provides a quantitative criterion
importance measurement based on both data variation and intercriteria correlation and
does not require expert assessments [38]. Contrary to conventional AHP approaches, the
use of CRITIC allows avoiding subjective judgment by excluding the need for expert
matrices. This aspect is especially crucial in experimental studies where performance
criteria are evaluated quantitatively based on measured data. At the same time, AHP
becomes even more inconsistent and subjective when handling large sets of alternatives
and multiple criteria. Another method considered was entropy-based weighting; how-
ever, entropy methods focus on the information spread rather than on criteria correlation
and conflicting relationships. Likewise, COPRAS and MOORA methods were found less
suitable since they exhibit lower sensitivity to criteria interdependencies and provide
poorer rankings in highly conflicting engineering cases [39,40].

The WASPAS technique was utilized in this study for ranking optimization due to
its ability to leverage the benefits of both WSM and WPM techniques, thus providing
greater ranking consistency and minimizing decision instability arising when using sin-
gle-method optimization models. In contrast with TOPSIS, based predominantly on the
proximity of alternative options to the positive and negative ideals, WASPAS demon-
strates greater discriminative power and superior ranking sensitivity. Furthermore, VI-
KOR compromise optimization models were not considered since the current research
focuses on global optimization, i.e., the search for a globally optimal architecture incor-
porating the specified mechanical and functional requirements instead of identifying a
solution to a problem of conflicting objectives [41-43]. Thus, hybrid CRITIC-WASPAS
methodology appeared to be more applicable for optimizing multifunctional architected
FDM structures that require consideration of multiple engineering responses.
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Firstly, the experimental results of all alternative designs have been organized in the
decision matrix consisting of seven criteria. The normalization step included conversion
of all criteria into dimensionless, equally interpretable units with distinction made be-
tween beneficial criteria and non-beneficial ones (e.g., water absorption). Afterwards, the
CRITIC method allowed finding the weights of objective criteria based on the calculation
of the criteria variance and intercriteria correlation. As a result, the weight coefficients
helped to quantify the level of conflict between individual criteria and indicate the rela-
tive significance of particular engineering responses. Once criteria weights had been de-
termined, WASPAS optimization was performed through evaluation of weighted sum
and product performance indices for each alternative architecture. Finally, an optimiza-
tion criterion helped to combine the rankings obtained using two models into one rela-
tive measure of the structure performance. As a result, the design with the maximum
WASPAS score was found to be the optimal lightweight damping-enhanced mul-
ti-material FDM structure.

CRITIC-WASPAS Framework

The hybrid CRITIC-WASPAS approach was used systematically to identify the op-
timal multi-material functionally graded architected structure design from among the
sixteen structures fabricated, considering seven performance criteria from an engineering
standpoint. First, the responses obtained experimentally for compressive strength, flex-
ural strength, storage modulus, damping factor (tan 0), damping ratio, reduction in den-
sity, water absorption, and manufacturability stability were collected into the decision
matrix X = xi, where xj represents the response of the ith structure with regard to the jth
criterion. Considering that the chosen criteria have different units of dimensions and
conflicting optimization criteria, normalization of the decision matrix was first per-
formed to ensure that the responses were converted to dimensionless quantities. Nor-
malization for the desirable criteria was done according to Equation (1):

Xi]__X_rnin

]
max __ Xmin (1)

Iy =
J X

] j

where rij denotes the normalized value, while xj and xjmi» represent the maximum and
minimum values of the jth criterion, respectively. For non-beneficial criteria such as wa-
ter absorption, where lower values are desirable, normalization was performed using

Equation (2):

max

X]- - Xij

xmax _ X_min (2)
j j
After normalization, the CRITIC approach was used to determine the objective

ri]- =

weights of criteria based on experimental variance and conflict among criteria. First, the
standard deviation (sigmaj) for each criterion was calculated to evaluate the degree of
contrast of the data. The next step was to calculate the correlation coefficient among cri-
teria to estimate their interrelatedness. Lastly, the information content of each criterion
was evaluated using Equation (3):

m
G=0)  (1-r3) ©)

k=1
where Cj represents the information content of the jth criterion, and rj denotes the cor-
relation coefficient between criteria j and k. Criteria possessing higher variability and
lower correlation with other criteria receive larger information content values, thereby
contributing more significantly to the decision-making process. The normalized objective
weight for each criterion was subsequently calculated using Equation (4):

G

W = 4
J ijlcj ( )
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where wj denotes the final objective weight assigned to the jth criterion. The obtained
criteria weights were then incorporated into the WASPAS methodology for ranking the
alternative architected structures. In the first stage of WASPAS analysis, the Weighted
Sum Model (WSM) score for each alternative was calculated as Equation (5):

@ _\"
Q=) wr; ®)
j=1

where Qi) represents the weighted additive performance index of the ith alternative.
Subsequently, the weighted product model (WPM) score was determined using Equation

(6):
o=]]_ow ©)

where Qi@ denotes the multiplicative performance index corresponding to the ith alter-
native. Since the weighted product model is mathematically undefined for normalized
values equal to zero, zero-valued normalized entries were replaced by a small positive
constant (e = 106) only during the multiplicative component of the WASPAS calculation.
This numerical treatment is commonly adopted to avoid computational singularities
while maintaining the relative ranking of alternatives. Finally, the combined WASPAS
relative importance score was calculated by integrating both additive and multiplicative
models according to Equation (7):

Q=20 +1-1? @)

where Qi is the optimized integrated score and A represents the weighting coefficient that
determines the influence of both the WSM and WPM models. In our study, A was fixed to
0.5 in order to consider equal weights for both the addition and multiplication ranking
approaches. The alternative possessing the maximum Qi score was considered as the
optimum functionally graded multifunctional FDM architected structure. The developed
integrated CRITIC-WASPAS model aids in optimizing process—structure—performance
by avoiding subjective judgments and improving the stability of the ranking process for
multifunctional additive manufacturing.

The optimization technique of CRITIC-WASPAS used in this work for objective as-
sessment and ranking of the sixteen FGM architected materials proposed in this study is
shown in Figure 3. First, the experimental performance metrics of compressive strength,
flexural strength, storage modulus, tan d, damping ratio, density reduction, specific en-
ergy absorption, and water absorption were arranged in a decision matrix and normal-
ized before performing any optimization. Next, the CRITIC approach was applied for
objective criteria weight calculation based on the variation in the response and the degree
of conflict between the criteria [44-46]. Finally, the obtained criteria weights were in-
cluded in the WASPAS approach, which integrates weighted sum and product methods
to compute the total performance index for all architected alternatives [47,48]. The de-
veloped optimization approach facilitated a systematic determination of the optimal
FGM architected material by taking into account its stiffness preservation, vibration
suppression ability, energy absorption efficiency, and lightweight characteristics [49-51].
The sixteen functionally graded architected configurations were developed by simulta-
neously varying the material distribution, honeycomb cell size, and infill density to
evaluate the overall multifunctional performance of integrated structural designs. Ac-
cordingly, the experimental program was intended to compare the performance of com-
plete architected configurations rather than isolate the independent influence of indi-
vidual design variables. Therefore, the observed engineering responses represent the
combined effects of material composition, cellular geometry, and structural density. Fu-
ture studies employing factorial experimental designs or response surface methodologies
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Figure 3. Network diagram of the integrated CRITIC-WASPAS optimization framework employed
for ranking functionally graded multi-material architected honeycomb structures based on multi-

functional engineering performance criteria.

3. Results and Discussion

In the current work, the experimentally determined mechanical, dynamic, and
physical behavior of sixteen functionally graded multi-material architected FDM con-
figurations are summarized in Table 4. It should be mentioned that the performance
varied significantly across fabricated samples owing to different material distribution,
TPU distribution, honeycomb structure, and density. The results have shown that the
incorporation of the viscoelastic TPU zones in rigid PLA and PLA-WWF structures
played an essential role in the vibration suppression characteristics and deformability of
the developed structures. For the most part, those configurations that featured the ap-
propriate intermediate viscoelastic TPU layers demonstrated the best vibration suppres-
sion efficiency, since they contributed to localized viscoelastic deformation with efficient
hysteresis energy dissipation under repeated loading. Simultaneously, the inclusion of
the rigid outer zones, based on PLA and PLA-WWF materials, provided an appropriate
load transfer ability along with limited structural collapsing when compressed qua-
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si-statically. Among other studied options, sample A16 turned out to provide the best
overall multifunctionality with compressive strength equaling 41.8 MPa, flexural
strength equal to 56.4 MPa, storage modulus of 1425 MPa, damping factor (tan 0) of 0.162,
damping ratio of 3.7%, approximately 39% lower density compared with the conven-
tional rigid materials, and low water absorbency of 1.2%. It can be observed that the in-
creased performance of Al6 is connected to the interaction of the graded rig-
id—flexible-rigid material distribution and architected honeycomb deformation mode.
Those factors contributed to appropriate stress redistribution and energy dissipation
during dynamic loading. Conversely, excessive TPU content resulted in reduced com-
pressive stiffness, as the highly flexible zones were subjected to significant elastic de-
formation. Moreover, honeycombs with a low density showed less stiffness retention due
to limited internal support pathways and localized wall buckling under the compression
load.

Table 4. Experimental responses of functionally graded multi-material architected FDM.

Alterna- Compressive Flexural Storage Mod- Loss Factor Damping Density Re- Water Ab-
tive Strength (MPa) Strength (MPa) ulus (MPa) (tan d) Ratio (%)  duction (%) sorption (%)
Al 36.5 48.2 1180 0.112 2.1 22 0.9
A2 374 49.6 1215 0.118 2.3 24 1.0
A3 38.1 50.4 1240 0.121 24 26 1.1
A4 39.0 51.2 1265 0.126 2.6 28 1.0
A5 39.8 52.6 1295 0.132 2.8 30 1.1
Ab 40.2 53.4 1315 0.136 29 31 1.2
A7 38.6 50.8 1270 0.129 2.7 29 1.1
A8 37.2 49.1 1228 0.138 3.0 33 1.3
A9 39.5 52.2 1305 0.142 3.1 34 1.2
A10 40.0 53.0 1335 0.145 3.2 35 1.1
All 40.6 54.1 1360 0.149 3.3 36 12
Al12 41.0 55.0 1388 0.152 3.4 37 12
A13 41.2 55.3 1398 0.154 3.5 38 1.3
Al4 40.8 54.6 1375 0.150 3.3 36 12
Al5 41.4 55.8 1410 0.158 3.6 38 12
Al6 41.8 56.4 1425 0.162 3.7 39 1.2

Figure 4 represents the results of dynamic mechanical analysis for the tempera-
ture-dependent viscoelastic behavior and energy-damping properties of fabricated mul-
ti-material architected structures. The storage modulus E’ curves presented in Figure 4a
show a clear decreasing tendency with the increase in temperature, caused by increased
polymer chain mobility and decreased stiffness in the case of the multi-material gradient
structure. Multi-material configurations containing a relatively high percentage of TPU
showed reduced stiffness but better damping capacity compared to other compositions.
In terms of enhanced viscoelastic properties of materials and damping ability, the loss
modulus E” and tan 0 curves presented in Figure 4b,c, respectively, have a noticeable
peak in the glass transition range (about 60-90 °C). Furthermore, comparative studies
performed on Figure 4d—f demonstrate significant improvement in damping capacity
and relative damping index with increased TPU gradients in multi-material structures
and improved honeycomb topology. Alternative A16 had the best energy-damping per-
formance out of all tested configurations due to optimized stiffness and damping inter-
actions and effective deformation accommodation and stress redistribution in the mul-
ti-material interface. The increase in damping performance obtained through experi-
ments was caused by the improved viscoelasticity of the TPU material as well as ener-
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gy-dissipating ability and internal friction at the interfaces between different material
regions. It is evident that multi-material architectures exhibited significantly improved
energy-damping capacity compared to monolithic PLA structures in terms of the loss
factor value. Cyclic deformations of TPU-rich interfaces led to the creation of internal
friction and retarded elastic behavior in oscillatory deformations. Honeycomb topology
used in multi-material architectures allowed for progressive cell wall deformations and
energy dissipation while maintaining the lightweight characteristic. An increase in the
storage modulus value was observed in optimized multi-material graded structures,
suggesting the possibility of increasing stiffness in multi-material structures due to an
appropriate design. Reduced densities in a number of multi-material configurations were
mainly caused by the controlled cellular geometry in honeycomb topology as well as less
material consumption in the internal cellular part. Optimized multi-material architec-
tures showed good stability against compressive loads despite the relatively low density
thanks to the hexagonal honeycomb topology used. Water absorption in all analyzed
configurations was rather low since dense polymer shells provided sufficient protection
for the cellular core from water molecules. However, slightly increased water absorption
was observed in PLA-WWEF-containing structures because natural fiber inclusions pos-
sess hydrophilic characteristics that promote limited moisture uptake. Overall, the ex-
perimental findings confirm that the combined effects of functionally graded material
distribution, viscoelastic TPU integration, and architected honeycomb deformation sig-
nificantly influence the multifunctional performance of multi-material FDM structures.

Temperature sweep: 25 °C to 120 °C | Frequency: 1 Hz | Heating rate: 3 °C/min | Strain (tension): 0.01% | Mode: Dual cantilever
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Figure 4. Dynamic mechanical analysis (DMA) results of functionally graded multi-material ar-
chitected structures showing (a) storage modulus (E’), (b) loss modulus (E"), (c) loss factor (tand),
(d) storage modulus variation at 25 °C, (e) peak loss factor (tan dmax), and (f) relative damping
index of alternatives A1-A1l6.

Experimental outcomes received from the proposed architected structures demon-
strated satisfactory repeatability and statistical stability regarding all considered engi-
neering criteria. Mean values shown in Table 4 were calculated based on three inde-
pendent experimental tests conducted for each alternative; standard deviations stayed in
the range of +2.5-4.2% for most mechanical and dynamic responses. This means that
fabrication repeatability and stability were achieved using the optimized fabrication
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process for multi-material FDM. Relatively small experimental deviations were received
when testing compressive strength and storage modulus, which can be explained by the
fact that selected printing parameters provided a sufficiently consistent interlayer fusion
with stable geometrical characteristics during fabrication. At the same time, some devia-
tions were received for damping properties measurement since there was an increased
sensitivity to cyclic excitation of thicker TPU interlayers. Error bar analysis further indi-
cated that optimal structured graded samples outperformed monolithic and low-density
alternatives without noticeable overlap in their performance ranges. One-way ANOVA
test conducted at a 95% confidence interval showed that there were statistically signifi-
cant differences among the tested configurations regarding compressive strength,
damping ratio, and loss factor values (p < 0.05); hence, it can be stated that the observed
improvement was not affected by experimental errors but was related to the optimized
material arrangement and structure [52,53]. Confidence interval analysis further indi-
cated the stable performance of optimized alternatives, which had little deviation when
repeating  experiments; thus, the reliability of the developed pro-
cess—structure—performance relation was verified [54,55]. It can be concluded that the
lowest variability was obtained for high-performing alternatives, and this might be as-
sociated with improved stress distribution in a sample [56-58].

Figure 5 presents the experimentally measured free-vibration response and damp-
ing ratios of the developed architected configurations. The damping ratio increased
progressively from 2.1% (Al) to 3.7% (A16), demonstrating enhanced vibration attenua-
tion associated with the integrated functionally graded multi-material architecture. The
free-vibration behavior of the functionally graded architected specimens was evaluated
using an impact excitation method. The specimen was securely clamped at one end to
establish a cantilever boundary condition, while an impulse load was applied at the free
end using an impact hammer. The vibration response was recorded using an accelerom-
eter positioned near the free end of the specimen and subsequently processed to deter-
mine the damping characteristics. The damping ratio was calculated using the logarith-
mic decrement method based on the decay of successive vibration amplitudes. Three
independent measurements were performed for each configuration, and the average
damping ratio was used for further analysis. The statistical analysis presented in Table 5
confirms the repeatability and reliability of the experimental measurements obtained for
the architected multi-material structures. The relatively low standard deviation and con-
fidence interval values indicate stable fabrication quality and consistent interfacial
bonding during multi-material FDM processing. Furthermore, the ANOVA results reveal
statistically significant differences among the fabricated alternatives for most engineering
criteria.

Table 5. Statistical analysis of experimentally measured engineering responses.

Criterion

Mean Value Standard Deviation = Confidence Interval (95%)  ANOVA p-Value

Compressive Strength

Flexural Strength
Storage Modulus
Loss Factor (tan d)
Damping Ratio
Density Reduction
Water Absorption

39.6 MPa +1.78 +0.92 <0.05
52.8 MPa +2.01 +1.04 <0.05
1319 MPa +71.4 +36.8 <0.05
0.138 +0.015 +0.008 <0.05
3.01% +0.46 +0.24 <0.05
32.3% +5.1 2.6 <0.05
1.14% +0.12 +0.06 >0.05
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Figure 5. Experimentally measured damping ratio and relative improvement of the functionally

graded multi-material architected configurations obtained from the free-vibration test.

The normalized decision matrix presented in Table 6 was obtained using the
min-max normalization method. It helped transform experimental values of the response
functions into unitless data suitable for further analysis by means of CRITIC weight de-
termination and subsequent ranking by means of the WASPAS technique. The high-
er-is-better normalization strategy was applied to beneficial criteria, including compres-
sive strength, flexural strength, storage modulus, loss factor, damping ratio, and density
reduction. At the same time, water absorption was assumed as a non-beneficial criterion
to reduce possible environmental sensitivity impact on the analysis outcome. As can be
seen, alternatives A13-A16 showed increased damping capabilities, along with the abil-
ity to ensure lightweight properties while still retaining structural integrity. Therefore,
the normalized results allowed conducting a fair comparative analysis among the evalu-
ated architected multifunctional solutions.

Table 6. Normalized decision matrix used for CRITIC-based objective weighting analysis.

Alternative CS FS SM tan o DR DRed WA
Al 0.000 0.000 0.000 0.000 0.000 0.000 1.000
A2 0.170 0.171 0.143 0.120 0.125 0.118 0.750
A3 0.302 0.268 0.245 0.180 0.188 0.235 0.500
Ad 0.472 0.366 0.347 0.280 0.313 0.353 0.750
A5 0.623 0.537 0.469 0.400 0.438 0.471 0.500
A6 0.698 0.634 0.551 0.480 0.500 0.529 0.250
A7 0.396 0.317 0.367 0.340 0.375 0.412 0.500
A8 0.132 0.110 0.196 0.520 0.563 0.647 0.000
A9 0.566 0.488 0.510 0.600 0.625 0.706 0.250

A10 0.660 0.585 0.633 0.660 0.688 0.765 0.500
All 0.774 0.720 0.735 0.740 0.750 0.824 0.250
Al2 0.849 0.829 0.849 0.800 0.813 0.882 0.250
Al3 0.887 0.866 0.890 0.840 0.875 0.941 0.000
Al4 0.811 0.780 0.796 0.760 0.750 0.824 0.250
Al5 0.925 0.927 0.939 0.920 0.938 0.941 0.250
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Alé 1.000 1.000 1.000 1.000 1.000 1.000 0.250

Note: Zero normalized values were replaced with &€ = 10 only during the weighted product cal-
culation to avoid multiplication singularity. (Full form: CS—compressive strength; FS—flexural
strength; SM —storage modulus; DR—damping ratio; DRed —density reduction; WA —water ab-

sorption).

The free vibration analysis highlighted major differences in terms of vibration decay
behavior of the manufactured specimens due to different levels of viscoelastic material
content and cellular internal structure design. In particular, the obtained time—amplitude
curves indicated that monolithic PLA-predominant alternatives showed higher vibration
resistance due to the relatively low internal damping capacity of the material and the
presence of high elasticity properties. On the contrary, functionally graded materials
with intermediate TPU layers exhibited more rapid vibration energy dissipation, which
was explained by the internal friction losses during mechanical oscillations occurring in
the viscoelastic regions. Thus, alternative A16 proved to have the best damping capabili-
ties as it demonstrated the fastest amplitude reduction as well as the lowest time required
for stabilization.

In addition, it is worth noting that the resonant behavior suppression capability was
also significantly improved in case of multi-material gradation due to the presence of
more flexible TPU interface layers preventing the propagation of stress waves. Alterna-
tives with the insufficient content of TPU showed higher amplitudes due to the pre-
dominance of elastic rigid-body oscillations, whereas materials with excessive compli-
ance had higher elastic deformations and low structural stability at the time of transient
excitation. As can be concluded, therefore, the increase in damping capability was at-
tributed to a balance between retained stiffness and enhanced viscoelastic deformation.
In addition, progressive strain redistribution in the architected honeycomb structure was
observed during vibration testing.

Further confirmation of the significant impact of graded material composition on
viscoelasticity and dynamic stiffness features was obtained from the dynamic mechanical
analysis results. It was shown that optimized multi-material constructs demonstrated
higher dynamic stiffness in the analyzed frequency range as compared to specimens with
excessive amounts of TPU incorporated into their designs. While TPU has lower stiffness
values than PLA, the use of rigid outer walls and effective management of honeycomb
deformation resulted in better stress redistribution in graded materials and prevented
elastic strain propagation in those constructions. The increase in the storage modulus
values registered for specimens A15 and A16 is caused by the cooperation between stiff
areas of the construct and the stable cellular architecture. In addition, the loss factor (tan
d) graphs revealed a distinct enhancement of the peak values and some degree of peak
broadening observed for TPU-based constructs, which confirms higher viscoelastic be-
havior and delay in elastic recovery during cyclic deformation of specimens with the
incorporation of TPU. Moreover, a slight shift in the position of the tan d peak towards
the lower frequency range was detected for the most optimized graded constructs, re-
vealing enhanced molecular mobility and interfacial damping interactions between stiff
and flexible polymer domains. An extended viscoelastic transition range observed in
multi-material structures reveals that such composite constructions dissipate mechanical
energy more efficiently under dynamic loading conditions as compared to homogeneous
polymer materials. Such a feature is extremely important for vibration damping pur-
poses since it prevents the amplification of the effects due to resonance. Consequently, a
combination of higher storage modulus and enhanced loss factor values proves the pos-
sibility of creating multi-material FDM structures with high stiffness and vibration dis-
sipation properties.
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The deformation and failure behaviors were also dependent on the structure con-
figuration and its internal cellular architecture. Monolithic and low-density specimens
mainly experienced brittle fracture of the cell walls along with localized buckling failure
under compression, since the rigid polymer areas could not effectively distribute con-
centrated stresses in the honeycomb architecture [59,60]. On the other hand, functionally
graded systems with flexible TPU interlayers exhibited progressive crushing behavior
through controlled deformation of the cell walls, delayed crack propagation, and archi-
tected honeycomb structure collapsing [61,62]. Localized deformation capacity offered by
the intermediate flexible regions contributed to gradual deformation behavior, where
absorbed energy was dissipated using elastic deformation mechanisms and catastrophic
failures were prevented. In addition, rigid outer regions made of PLA and PLA-WWF
contributed to structural integrity of the samples, avoiding structural collapse due to
compression. As regards the interfacial properties, good bonding strength was confirmed
between the deposited layers with smooth and continuous transition from rigid to flexi-
ble material regions, thus suggesting good interfacial compatibility between used ther-
moplastics. This might be attributed to similar thermal processing conditions for deposi-
tion of different materials and sufficient diffusion of their melts. The chosen architected
honeycomb geometry played an important role in improved damping capacity, as hex-
agonal cells led to multidirectional stress distribution during loading and allowed local-
ized deformations. In contrast to solid structures where mechanical stresses are localized
at some regions, the honeycomb architecture allows a progressive distribution of me-
chanical loads through the cellular architecture, which improves controllability and en-
ergy absorption capabilities. Elastic deformation and recovery behavior of the ligaments
resulted in increased internal friction and strain dissipation upon cyclic loadings [63].
The effect of combined interactions between hard/soft materials, interfacial bonding, and
cellular architecture made it possible to obtain enhanced multifunctionality of fabricated
functionally graded materials, including increased damping capacities, low density, and
mechanical stability. At elevated temperatures, the storage modulus values gradually
decrease due to polymer chain mobility and reduced stiffness in viscoelastic regions.
Nevertheless, optimized graded architectures exhibited comparatively high modulus
values at all studied temperatures due to constraining influence of outer rigid PLA and
PLA-WWEF layers.

After determining the normalized decision matrix using experimental data, the
CRITIC weighting method was applied to the results for establishing the objective im-
portance of each criterion due to response variability and intercriteria conflict. The re-
sulting CRITIC weights revealed that damping capacity (tan 0), damping ratio, and
storage modulus had the highest level of weights among all seven evaluated criteria
owing to their higher variability and weaker correlation with other performance metrics.
The fact that higher importance was given to the factors that characterize vibration ab-
sorption capacity reveals that this is the most distinctive property of the proposed engi-
neering solutions. This conclusion can be explained by the significant effects caused by
the use of different graded material arrangements and viscoelastic TPU in terms of cyclic
energy dissipation capacity and stability of mechanical response in developed archi-
tected materials. On the other hand, the storage modulus has the same high level of
weights since maintaining dynamic stiffness is necessary to provide resistance against
excessive elastic deformation of light-weighted damping elements. However, the re-
sponse parameter of water absorption was given a relatively low level of weights because
of the insignificant difference in the variability of the corresponding responses and the
low level of influence on multifunctionality. In addition, the stability of manufacturabil-
ity received a moderate weight because all but one of the configurations were character-
ized by satisfactory shape stability. Consequently, CRITIC allowed for an unbiased
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evaluation of engineering responses responsible for the performance of developed mul-
ti-material architected materials. The resulting weights prove that vibration damping
ability in FDM-based architected materials cannot be considered separately but requires
analysis alongside other properties such as stiffness, lightweight behavior, and deform-
ability.

The values for objective criteria weights determined using the CRITIC method are
shown in Table 7. Damping-related parameters, including loss factor and damping ratio,
had the largest significance value owing to the large variance of data as well as relatively
low intercriteria correlation. The results suggest that the energy dissipation characteris-
tics of viscoelastic materials are responsible for dominating multifunctional performance
in the considered case of architected damping-enhanced FDM structures. The weighted
normalized matrix was analyzed further using the WASPAS approach to rank the sixteen
architected variants based on their overall multifunctional performance characteristics.
The performance indices determined using the WASPAS algorithm revealed considera-
ble differences between fabricated structures, which can be attributed to significant im-
pact of grading effect and honeycomb structure design on mechanical performance of
FDM structures. Table 8 shows the WASPAS ranking results for all alternative designs.
According to obtained WASPAS indices, design variant A16 demonstrated the best mul-
tifunctional characteristics with integrated performance index equal to 0.923 and, there-
fore, could be recognized as the optimal architected configuration. High ranking of de-
sign variant A16 can be attributed to the proper combination of high value of damping
factor, good properties in terms of vibration decay rate, large magnitude of storage
modulus and effective reduction in density. On the other hand, alternative designs A15
and A13, both having relatively high performance indices thanks to optimized TPU dis-
tribution and grading effect, demonstrated inferior damping performance compared to
variant Al6 as well as less effective density reduction. Other alternatives performed
worse owing to excessive rigidity or compliance of structures and, therefore, lack of
ability to dissipate energy and retain sufficient mechanical stability during loading and
deformation process. Overall, obtained ranking results proved that neither increase in
TPU content nor maximum structural density reduction is an adequate solution for ob-
taining optimal multifunctional performance of architected FDM design.

Table 7. CRITIC-derived criteria weights and engineering significance of the investigated perfor-

mance indicators.

Criterion Standard Deviation Conflict Intensity CRITIC Weight Engineering Importance
Compressive Strength 0.312 2.48 0.126 Structural stability

Flexural Strength 0.298 2.31 0.118 Bending resistance

Storage Modulus 0.365 294 0.168 Dynamic stiffness retention
Loss Factor (tan d) 0.402 3.15 0.192 Energy dissipation capability

Damping Ratio 0.391 3.02 0.184 Vibration attenuation

Density Reduction 0.346 2.76 0.151 Lightweight efficiency
Water Absorption 0.148 1.42 0.061 Environmental stability

Table 8. CRITIC-WASPAS ranking results of functionally graded multi-material architected

structures.

Alternative WASPAS Performance Index Rank
Al 0.612 16
A2 0.635 15
A3 0.658 14
A4 0.682 13
A5 0.706 12
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Ab 0.724 11
A7 0.718 10
A8 0.742 9
A9 0.768 8
Al0 0.791 7
All 0.824 6
Al12 0.851 5
Al13 0.882 3
Al4 0.864 4
Al5 0.901 2
Alé6 0.923 1

Further evaluation of the efficiency of the optimization process was done through
sensitivity analysis, where the effect of the change in the CRITIC-derived criteria weights
by +10% was explored to see the impact on the ranking order of the alternatives. As can
be seen from the sensitivity analysis outcomes, the optimal alternatives demonstrated
high levels of consistency in their rankings, which confirms the stability and robustness
of the optimization process proposed here. The progressive increase in the WASPAS
performance index reflects the systematic variation of the architected configurations from
Al to Alé. Since the investigated design variables were modified in a graded manner, the
measured engineering responses also exhibited gradual improvements, resulting in a
relatively smooth trend in the aggregated multi-criteria performance index. Specifically,
configuration A16 always occupied the first position due to its balanced multifunction-
ality, whereas other structures relied heavily on the presence of some unique criteria with
dominating values. In turn, small changes in the ranking order were noted only in the
case of mid-ranking alternatives such as A11-A14 since they had quite similar mechanical
and damping properties. The lack of substantial ranking instability also implies that the
optimization result is stable against minor changes in criteria weighting, thus validating
the use of the CRITIC-WASPAS method to solve the considered type of multi-objective
problems in multifunctional additive manufacturing. The sensitivity analysis showed
also that damping-related criteria had the greatest impact on the ranking stability.

Figure 6 shows the CRITIC-WASPAS ranking of the proposed architected alterna-
tives (A1-A16). The increase in the value of the Qi performance index in accordance with
WASPAS indicates an overall positive trend in the design performance as the degree of
optimized material grade and increased TPU content becomes higher. Although config-
uration A16 exhibited the highest values for several beneficial engineering responses, the
CRITIC-WASPAS framework provided an objective evaluation of all sixteen architected
configurations by assigning data-driven criterion weights and integrating multiple per-
formance attributes into a single performance index. Consequently, the analysis estab-
lished the relative ranking of all alternatives and verified the robustness of the obtained
ranking through sensitivity analysis, rather than solely identifying the high-
est-performing specimen. The previous research has demonstrated increased damping
performance of TPU-dominant lattice structures at the expense of considerable losses in
mechanical properties due to their high flexibility and plastic behavior [64—-66]. Contra-
rily, the proposed graded architected structures manage to ensure a balance between
dynamic damping properties and stiffness by employing both rigid PLA regions and
WWE-PLA outer parts along with controlled TPU content. This allows us to achieve a
significant level of multifunctional performance. Furthermore, the application of objec-
tive CRITIC weighting and WASPAS ranking constitutes a novel optimization method
that could be further considered for implementation in the damping literature.
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WASPAS Performance Index (Qi)

CRITIC-WASPAS Ranking of Functionally Graded Multi-Material Architected Structures

Al
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R3

R4

A3 A4 A5 A6 A7 A8 A9 Al0 All Al2 Al3 Al4 Al5 Al6
Alternatives

Figure 6. CRITIC-WASPAS ranking of functionally graded multi-material architected honeycomb
structures (A1-Al6) based on integrated multifunctional performance evaluation. Higher
WASPAS performance index (Qi) indicates superior combined mechanical strength, vibration

damping, lightweight efficiency, and structural stability.

Figure 7 illustrates the sensitivity analysis results obtained by varying the WASPAS
weighting coefficient (A) from 0.1 to 0.9. The ranking trends remained comparatively
stable across all investigated weighting conditions, confirming the robustness and relia-
bility of the proposed CRITIC-WASPAS optimization methodology. The top-performing
alternatives, particularly A16 and A15, consistently maintained higher performance in-
dex values throughout the analysis. It should be noted that the objective of the mul-
ti-criteria decision-making analysis extends beyond selecting the best-performing alter-
native. The CRITIC method objectively determines criterion importance based on data
variability and inter-criterion conflict, while the WASPAS method integrates these
weighted criteria to evaluate the overall performance of all candidate architectures.
Therefore, even when one configuration performs favorably across multiple beneficial
criteria, the integrated framework provides a systematic and reproducible basis for
ranking all alternatives and assessing the stability of the obtained results.

The SEM observations presented in Figure 8 provide qualitative insight into the
fracture morphology and interfacial characteristics of the fabricated architected struc-
tures. Although the observed microstructural features are consistent with the experi-
mentally measured mechanical and dynamic performance, quantitative analyses such as
fiber distribution statistics, void fraction measurements, and interfacial adhesion char-
acterization were not performed in the present study. These investigations will be con-
sidered in future work to establish a quantitative correlation between microstructure and
macroscopic performance.

https://doi.org/10.3390/jcs10070371



J. Compos. Sci. 2026, 10, 371

24 of 30

WASPAS Performance Index (Qi)

0.93 1

0.92 1

Al6
Al5
Al3
Al4
Al2

RXRE/

0.91

0.90

0.89

0.88 1

0.87 1

0.86 1

0.85 1

0.1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Weighting coefficient (A)

Figure 7. Sensitivity analysis of the CRITIC-WASPAS optimization framework showing the varia-
tion in WASPAS performance index (Qi) for selected architected alternatives under different

weighting coefficient (A) conditions.
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Figure 8. SEM micrographs of selected architected alternatives illustrating microstructural mor-
phology, interfacial bonding characteristics, and fracture behavior at different magnifications: (a)
cross-sectional cellular architecture, (b) cell wall surface morphology, (c¢) polymer—polymer inter-

facial region, and (d) fracture surface morphology associated with energy dissipation mechanisms.
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The A16 configuration exhibits improved interfacial compatibility, uniform fiber distribution, and

extensive ductile deformation, contributing to enhanced vibration damping performance.

As such, we observed the general multifunctional performance of the created ar-
chitected structures according to the relationship between processing conditions, struc-
tural characteristics, and dynamic engineering performance. The chosen parameters of
FDM printing including nozzle temperature, moderate printing speed, raster angle ori-
entation, and stable layer thickness have resulted in uniform interface adhesion and the
absence of any defects related to the deposition process. These processing conditions
impacted the structure in terms of improving interfacial bonding, ensuring the correct
geometry of cells, and retaining dimensionality. Compared with the AHP-based opti-
mization reported in Subramani [19], the present study employs an objective weighting
strategy based on the statistical characteristics of the experimental responses. The CRITIC
method determines criterion importance from data variability and inter-criterion conflict,
thereby reducing dependence on expert judgment. The subsequent WASPAS ranking
integrates additive and multiplicative decision models to provide a comprehensive
evaluation of multifunctional engineering performance. These methodological differ-
ences enable a more data-driven assessment of the experimentally investigated archi-
tected structures.

Therefore, the manufactured architected structures have determined the engineer-
ing performance of the materials via stress redistribution, viscoelastic deformation, and
energy dissipation associated with TPU-based honeycomb networks. Rigid external lay-
ers of PLA and WWEF-PLA have provided load-carrying capacity and prevented signifi-
cant deformations, whereas intermediate layers with rich TPU composition attenuated
vibrations due to hysteretic damping and interfacial shear deformation. Thus, the created
structures have managed to provide simultaneous improvement in terms of damping,
stiffness, and lightweight capabilities.

Among all examined variants, A16 has been determined as the best solution not only
because it has shown the highest values for individual characteristics but also due to the
presence of a perfect interaction between stiffness and damping characteristics. Due to
the optimal TPU distribution, sufficient levels of viscoelastic deformation capable of dis-
sipating energy without causing excessive deformation and instability were achieved. At
the same time, architected honeycomb design helped to control cellular deformation and
redistribute stresses to facilitate effective energy dissipation.

4. Industrial Applicability and Smart Manufacturing Implications

The proposed intelligent CRITIC-WASPAS decision framework demonstrates sig-
nificant potential for industrial deployment in advanced additive manufacturing envi-
ronments where multifunctional performance, lightweight design, and sustainability are
critical requirements. The integration of multi-material fused deposition modeling (FDM)
with architected honeycomb structures enables the fabrication of customized compo-
nents possessing enhanced vibration damping, reduced density, and improved structural
efficiency. Such characteristics are highly beneficial for industrial sectors including au-
tomotive, aerospace, robotics, transportation, consumer electronics, and precision man-
ufacturing systems, where lightweight and vibration-sensitive components are increas-
ingly demanded. The incorporation of thermoplastic polyurethane (TPU) and walnut
wood fiber-reinforced PLA (WWF-PLA) further contributes toward sustainable material
utilization and environmentally conscious manufacturing practices.

From a smart manufacturing perspective, the developed CRITIC-WASPAS frame-
work offers an intelligent decision-support methodology capable of integrating multiple
engineering performance indicators into a unified optimization environment. Unlike
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conventional trial-and-error material selection approaches, the proposed framework
enables systematic evaluation of multifunctional structures based on dynamic mechani-
cal behavior, damping performance, structural stiffness, density, and environmental re-
sistance characteristics. Moreover, the methodology can be integrated with comput-
er-aided engineering (CAE), digital twin platforms, and automated additive manufac-
turing systems for intelligent product development and process optimization.

The proposed framework also provides scalability and adaptability for future in-
dustrial applications involving Al-assisted manufacturing, real-time process monitoring,
and cyber—physical production systems. By enabling efficient selection of material dis-
tributions and architected geometries for targeted functional requirements, the method-
ology can contribute to sustainable product lifecycle management and resource-efficient
manufacturing. Furthermore, the generalized optimization strategy presented in this
study may be extended to other multi-material additive manufacturing systems, ad-
vanced polymer composites, and functionally graded structures, thereby supporting the
broader transition toward intelligent and sustainable industrial manufacturing ecosys-
tems.

5. Conclusions

This study experimentally investigated the multifunctional performance of sixteen
functionally graded multi-material honeycomb architectures fabricated by fused deposi-
tion modeling (FDM) using PLA, TPU, and WWE-PLA. The combined effects of graded
material distribution, cellular architecture, and structural density on the mechanical,
dynamic, and physical responses were evaluated through compressive, flexural, dy-
namic mechanical analysis (DMA), free vibration, density reduction, and water absorp-
tion tests. The experimental results demonstrated that the investigated architectures ex-
hibited distinct performance characteristics depending on the combined design parame-
ters, highlighting the importance of simultaneously considering material arrangement
and structural configuration during lightweight component design.

Among the investigated configurations, specimen A16 achieved the highest overall
engineering performance, exhibiting a compressive strength of 41.8 MPa, flexural
strength of 56.4 MPa, storage modulus of 1425 MPa, loss factor (tan 0) of 0.162, damping
ratio of 3.7%, density reduction of 39%, and water absorption of 1.2%. The results indicate
that the combination of functionally graded material distribution and optimized honey-
comb architecture contributed to improved stiffness retention, vibration attenuation, and
lightweight characteristics while maintaining satisfactory structural performance. Be-
cause multiple design variables, including material composition, cell geometry, and
density, were varied simultaneously, the observed improvements should be interpreted
as the combined effect of the integrated architectural design rather than the influence of
any single parameter.

The experimentally obtained engineering responses were further evaluated using
the CRITIC-WASPAS multi-criteria decision-making approach to provide an objective
ranking of the developed architectures based on multiple performance criteria. The in-
tegrated evaluation consistently identified configuration A16 as the highest-performing
alternative, demonstrating the applicability of the proposed experimental-computational
assessment methodology for balancing conflicting engineering requirements in multi-
functional architected structures. Rather than introducing new constituent materials or
optimization algorithms, this study demonstrates how established experimental charac-
terization and objective multi-criteria decision-making can be systematically integrated
to support the design and selection of functionally graded multi-material FDM struc-
tures.
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Future work will focus on independently investigating the influence of individual
design variables, including material composition, cell geometry, and relative density,
through statistically designed experiments, together with fatigue, impact, and long-term
durability assessments. Such investigations will further improve the understanding of
process—structure—property relationships and facilitate the development of multifunc-
tional lightweight architected materials for advanced engineering applications.
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