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Graphical abstract Abstract
Additive manufacturing (AM) is increasingly recognized as a sustainable
ABS < — e — L PLA technology due fo its ability to minimize material usage, reduce waste, offer
®) flexibility, and decrease the need for mass production. However, energy
consumption during the processing phase raises sustainability concerns. While
PLA %E: ABS previous research has examined the impact of process parameters on energy

consumption, most studies have been limited to single-material and single-
nozzle configurations. On the other hand, the growing advancement towards
the integration of multiple materials in AM warranting further investigation in
mulfi-material context. This study addresses these gaps by investigating the
effects of various process parameters in multi-material FDM printing on energy
consumption, build fime, dimensional accuracy, and tensile strength,

Srsntreu o oo focusing on two multi-material sandwich structures: PLA/ABS/PLA (PAP) and
I R e i it ——its it ABS/PLA/ABS (APA). The results indicate that the APA structure generally
exhibits superior tensile strength, but lower dimensional accuracy compared
to the PAP structure, although it consumes more energy despite variations in
build time. When compared to existing literature, both structures outperform
standard ABS and PLA in several key mechanical properties. Data analysis
reveals a clear positive cormelation between build fime and energy
consumption but no strong correlation between tensile strength and either
build time or energy consumpfion. ANOVA analysis further identifies
significant process parameters affecting the four key metrics, with variations
observed between the PAP and APA structures. These findings underscore the
importance of selecting appropriate process parameters in multi-material
FDM printing to optimize both performance and sustainability.
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1.0 INTRODUCTION

Additive manufacturing (AM), commonly known as 3D
printing, is a process of creating objects by sequentially
adding material layer by layer, based on a digital
model [1]. It enables the creation of intricate and
customized designs that would be difficult orimpossible
to achieve with conventional methods [2]. In 2011, the
global revenue for AM goods reached approximately
$642.6 million [3], with widespread application across
industries such as aerospace, automotive, healthcare,
and consumer goods. Current AM developments on
improving speed, precision, and the range of materials
are driving the market value towards an estimated $50
bilion by 2030 [3]. This significant growth in AM
underscores the critical importance of researching its
sustainability.

Owing fo some key factors, AM can be considered
a sustainable technology. Firstly, it minimizes material
usage by adding material layer by layer only where
needed, which significantly reduces waste production
compared to conventional subtractive manufacturing
methods [4]. Additionally, the precision of AM reduces
the need for excess raw material, lowering both
environmental impact and costs [5]. Secondly, AM
enables the production of customized batches tailored
to specific customer requirements, enhancing flexibility
and reducing the necessity for mass production and
large inventories [6]. This adaptability allows companies
to respond swiftly fo market demands, decreasing
overproduction and the associated waste. Moreover,
AM facilitates the rapid and cost-effective creation of
prototypes [7]. This capability accelerates the time-to-
market for new products, enabling faster innovation
cycles and reducing the resources spent on prolonged
development phases [8].

However, despite its substantial benefits, AM also
raises sustainability-related concerns. One significant
concern is the energy consumptfion during the
processing phase of AM [9]. This tfechnology often
requires considerable energy inputs for heating,
melting, and solidifying materials, which can contribute
to a higher carbon footprint compared to conventional
manufacturing processes [10]. Another critical concern
relates to the strength and reliability of the 3D printed
parts. While AM allows for infricate designs and
customization, it exhibits anisotropic behaviour due to
the layer-by-layer printing process [11]. This results in
varying microstructures between layers, affecting the
mechanical properties of the printed parts [12]. Such
behaviour can diminish the performance and longevity
of parts in real-world applications, particularly in
applications  requiring consistent  and  reliable
mechanical strength across all orientations.

Fused Deposition Modelling (FDM) is one of the most
commonly employed AM techniques. FDM technology
accounts for a significant portion of the global additive
manufacturing market, with estimates indicating it
constituted around 40% of all 3D printing system market
worldwide in recent years [13]. This method is popular
for several reasons. Firstly, FDM is relatively affordable

and accessible compared to other AM technologies
[14], making it feasible for a wide range of users, from
small businesses to large corporations. Secondly, FDM
offers versatility in material choices [15], allowing
manufacturers to work with a variety of thermoplastics
suitable for different applications. Additionally, FDM's
simple workflow and ease of use [16] make it suitable
for rapid prototyping, low-volume production, and
even custom manufacturing, providing flexibility and
efficiency in product development cycles.

Numerous studies have been undertaken to
address and improve the mechanical properties of
FDM-printed parts. One well-known approach is to
adjust the printing parameters. Various parameters
have been explored for their influence on mechanical
properties in FDM-prinfed components including print
speed, layer thickness, extrusion temperature, infill
pattern and density, nozzle diameter, build orientation,
layer adhesion, and cooling rate. For instances, smaller
layer thickness generally results in stronger parts due to
improved interlayer bonding [17], [18]. [19], while
smaller infill density results in weaker parts due to airgap
between layers [20], [21], [22].

Some researchers have also examined the
combined effects of multiple printing parameters to
optimize the FDM process. Specifically, in the study by
Rarani et.al [23] found that the optimal combination of
parameters to achieve the highest tensile strength of
Polylactic Acid (PLA) FDM-printed parts includes print
speed of 40 mm/s, infill density of 80%, and layer
thickness of 0.1 mm. Meanwhile the study by Srinivasan
et.al [24] predicts that the optimal setup for Acrylonitrile
Butadiene Styrene (ABS) to achieve the desirable
tensile strength was triangular infill pattern, infill density
of 80%, and layer thickness of 0.1 mm. These studies
have provided valuable insights into how different
factors interact to influence tensile properties.

Another approach to enhance the mechanical
strength of FDM-printed parts is through material
combinations. The advancement of AM towards the
infegration of mulliple materials is significantly
enhancing the capabilities and advantages of AM in
product fabrication. Among the various techniques,
FDM which categorized as Material Exfrusion (ME)
stands out as the most accessible and straightforward
method for implementing multi-material applications,
offering greater flexibility and innovation in the design
and production process. Rasheed ef al. [25] have
investigated the use of FDM for fabricating mulfi-
material components composed of PLA and ABS. Their
findings indicated that the sandwich structure of ABS-
PLA layers exhibited higher tensile strength compared
to parts made solely of ABS. Similarly, Baca et al. [26]
examined how combining different sections of a part
using three materials—ABS, PLA, and High Impact
Polystyrene (HIPS)—impacted mechanical properties.
They discovered that incorporating ABS or PLA into HIPS
parts resulted in increased tensile strength compared to
using only HIPS. Yadav et al. [27] also explored the
optimization of mechanical properties in FDM-printed
parts by using a multi-material approach with ABS and
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Polyethylene Terephthalate Glycol (PETG). Their
research demonstrated that the tensile strength of ABS-
PETG sandwich structures was superior to that of parts
made from ABS alone.

In terms of energy consumption in FDM, it can be
categorized intfo two main categories including primary
energy which is the thermal energy needed to melt the
filament, and secondary energy that encompasses the
power required for mechanical movements and
maintaining auxiliary temperature fields [28]. In
practices, the total energy consumption for an FDM
process is estimated to be around 1,220.8 kJ [29].
Notably, the build plate alone accounts for more than
half of the total energy used during the printing process
[30].

Some researchers have also investigated how
process parameters impact energy consumption in
FDM printing. Negrete's [31] experimental study
explored the optimization of printing time, energy
usage, and dimensional accuracy of FDM-printed parts
by adjusting five parameters such as layer thickness,
infill pattern, build orientation, printing plane, and part
positioning. Lunetto ef al. [32] focused on the effect of
layer thickness and infill strategy on both production
fime and consumed energy. Enemuoh et al. [33]
quantified the impact of printing parameters such as
infill density, infill pattern, print speed, layer thickness,
and shell thickness on a range of outcomes. They
studied how these factors influenced mass of part,
dimensional accuracy, processing time, energy
consumption, hardness, and fensile strength.

Those previous studies collectively have offered a
detailed understanding of how to balance various
printing parameters to optimize energy efficiency and
part quality. However, the studies often focus on single-
material and single-nozzle configurations. This study
aims to address these gaps by investigating the effects
of various process parameters in multi-material FDM
prinfing on energy consumption. An experimental
approach is used, combining ABS and PLA materials.
The process parameters explored include layer
thickness, raster width, raster angle, print speed, build
orientation, infill density, material composition, nozzle
temperature, and bed temperature. In addition to
energy consumption, the study examines how these
parameters affect build time, dimensional accuracy,
and mechanical properties such as tensile strength.
Finally, the comparison in this study will provide a more
holistic understanding of the interplay between printing
parameters, energy consumption, and part quality in
multi-material FDM printing.

2.0 MATERIALS AND METHODOLOGY

2.1 Material Composition

In this research, a sandwich structure was used fo form
specimens. There were three main layers of material
arranged in either a PLA-ABS-PLA (PAP) or ABS-PLA-ABS
(APA) sequence (Figure 1). The composition of these

materials is a crifical parameter in the study, with
specific ratios of PLA and ABS being tested. The material
compositions used include 35/30/35; 25/50/25; and
15/70/15. For instance, in the PAP structure with a
35/30/35 composition, means that 35% represents the
PLA layer in contact with the bed, 30% corresponds to
the ABS layer following the PLA, and the final 35% refers
to the top PLA layer positioned above the ABS. These
varying proportions were designed to investigate the
impact of different PLA and ABS rafios on the final
properties of the specimens.

(a)

— T ————
ABS «—— > PLA

(b)

P 4 e —__}. ABS

Figure 1 Material compositions: (a) PLA-ABS-PLA; (b) ABS-PLA-
ABS

2.2 Design of Experiment

Design of experiment used Taguchi method with L27
orthogonal array, each configuration repeated five
fimes. In this study, the L27 orthogonal array
accommodates seven factors with 3 levels of
parameter as detailed in Table 1. Other process
parameters listed in Table 2 remain consistent across alll
experiments. The observed output was the tensile
strength, build time, dimensional accuracy, and energy
consumption.

Table 1 Observed process parameter

Input Parameter Unit tevel
1 2 3

Layer thickness mm | 0.2286 | 0.2540 | 0.3302
Raster angle ° 0 45 90
Build orientation ° 0 30 45
Raster width mm | 0.484 0.520 0.578
Speed mm/s 40 50 60
Infill Density % 80 90 100
Material composition| % |15/70/15(25/50/25|35/30/35

The selection of parameter values in this study is
guided by findings from previous literature to optimize
mechanical performance and manufacturing
efficiency. For layer thickness, the range of 0.17-0.33
mm was identified by Giri et al. [34] as effective in
maximizing tensile strength while minimizing build time.
A specific value of 0.2286 mm has been reported by
Poonia et al. [35] and Rojek et al. [36] to be optimal
for dimensional accuracy and tensile strength stability.
Additionally, in [37], [38], [39], [40], they found that a
thickness of 0.2540 mm offers a favorable balance
between tensile strength and build time. Mohamed et
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al's [41] study further indicated that a thickness of
0.3302 mm provides improvements in dimensional
accuracy, build fime, and energy consumption.

For the raster angle, values of 0°, 45°, and 90° were
chosen based on studies conducted by [34], [39], [41].
[42] which demonstrated these angles to be effective
in enhancing tensile strength. Similarly, build
orientatfion values (0°, 30°, 45°) were adopted from
previous studies ([34], [37]., [38]. [39]. [40], [41]. [42])
that investigated a similar range of parameters, with
the 0° orientation shown to deliver the best results in
terms of tensile strength and build efficiency.

Regarding raster width, some studies identified
0.484 mm as optimal for reducing build time and
enhancing tensile strength [38], [40], [41]. Sood et al.
[39] supported a raster width of 0.520 mm for its
positive impact on ftensile strength, while Mohamed et
al. [41] found that 0.578 mm conftributes to anincrease
in the storage modulus. For printing speed, values of
40, 50, and 60 mm/s were selected based on
investigations by [36], [43], [44], all of whom found
these speeds beneficial for fensile strength.

The infill density values of 80%, 20%, and 100% were
selected in accordance with studies by [45], [46], [47].
[48]. These studies concluded that higher infill densities
improve tensile strength and Young's modulus while
also reducing build fime and energy consumption.

In contrast, material composition remains a
relatively unexplored parameter. Only Baca et al. [46]
have investigated a composition ratio of 35/30/35. To
address this gap, the present study introduces two
additional composition ratios to further explore their
infuence on mechanical and process-related
outcomes.

Table 2 Fixed process parameter

Parameter Material composition

PLA/ABS/PLA | ABS/PLA/ABS

Nozzle Temperature (°C) 210/250/210 | 250/210/250

Wall line count 2

Line width (mm) 0.484

Bed Temperature (°C) 60 | 90

Infill Pattern Line

Fan Speed (mm/s) 100

Travel Speed (mm/s) 120

2.3 Tensile Test

The specimen was prepared according to the ASTM
D638-14 type V standard, which specifies the
dimensions and shape required for tensile testing as
illustrated in Figure 2. The ASTM Dé38-14 Type V
specimen was selected due to its smaller size, which is
more compatible with the limited build volume of
desktop multimaterial printers. Additionally, Type V is
widely adopted in FDM-related studies to evaluate the
tensile properties of composites within constrained
geometries, for example in [49], [50], [51]. [52]. The
tensile fests were conducted using a Tensilon RTI-1225
testing machine. During the tests, the specimen was

securely clamped and subjected to a continuously
increasing load until it ultimately broke.

— {
q

3e 3.18 o 5
52 ] |L—7%2——T‘ ‘ j|_1
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25.4
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63.5

Figure 2 ASTM D438-14 type V for tensile strength (dimension in
mm)

2.4 Dimensional Accuracy

A digital calliper was used to measure the dimensions
of the specimens including length, width and thickness.
After that, the actual measurement results were
compared with the CAD specimen dimension.
Dimensional accuracy units were expressed in
percentage (%).

2.5 Build Time

Build fime was measured straightforwardly with a digital
stopwatch. The measurement begins as soon as the 3D
printing machine starts printing the specimen and stops
the moment the machine finishes the print. The total
time taken for the printing process was then recorded
in seconds (s).

2.6 Energy Consumption

Energy consumption was measured using a watt
meter. The measurement starts when the 3D printing
machine begins the prinfing process and ends when
the machine finishes printing. The fotal electrical
energy required was recorded in kWh.

2.7 Data Processing

Data processing was performed using Taguchi analysis
to determine the optimal combination of factors that
affect the outcome. Following this, ANOVA (Analysis of
Variance) was used to identify the factors that have a
significant impact on the results.

3.0 RESULTS AND DISCUSSION

Table 3 presents the measurement results for tensile
strength, dimensional accuracy, build time, and energy
consumption for two printing structures: PLA-ABS-PLA
(PAP) and ABS-PLA-ABS (APA). The results shown are the
average values obtained from five repetitions for each
parameter. The data reveals that the APA structure
generally exhibits higher tensile strength compared to
the PAP structure, with exceptions noted in runs 4 and
1. On the contrary, PAP shows better dimensional
accuracy than APA. Despite the varying build times,
APA tends to consume more energy compared to PAP.
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Specifically, inruns 1, 4, 5,7, 9,10, 15, 16, 17, 24, and 27,
APA's build time is shorter than PAP's, yet it still uses more
energy. This can be attributed to the higher nozzle and
bed temperafures required for printing the APA
structure compared to the PAP structure, which in furn
demands more energy.

The standard deviation values for the measurement
results are presented separately in Table 4. Upon
review, it is evident that the data for tensile strength,
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exhibit very low standard deviations, all less than 2. This
small standard deviation indicates that the data points
are tightly clustered around the mean, suggesting a
high degree of consistency and minimal variability
across the samples. In contrast, the standard deviation
for build time ranges from 0.4 to 29.96. This broader
range of variability in build time can be attributed to
several factors during the printing process. Specifically,
some specimens required over 200 seconds more than

dimensional accuracy, and energy consumption others to complete.
Table 3 Experiment results
Energy
Process Parameters Sirer:;?: i;;h) Aﬂ?;:i;?;{:) Build Time (s) Consumption
No. Run (kWh)
Th?:z:;ss RA?;E oﬁ:r‘::::ion ';v":;fh' Speed DL’:'S':W Compositon PAP  APA  PAP  APA PAP APA  PAP APA
1 0.229 0 0 0.484 40 80 35/30/35 3205 3631 99.20% 9845% 4812 4720 00186 0.0334
2 0.229 0 0 0.484 50 90 25/50/25 3876 4512 9852% 97.29% 467.0 4744 0.0180 0.0348
3 0.229 0 0 0.484 60 100 15/70/15 37.13 4279 9889% 9581% 4820 4828 0.0190 0.0368
4 0.229 45 30 0.520 40 80 35/30/35 4273 4195 99.52% 9848% 4224 4128 0.0154 0.0290
5 0.229 45 30 0.520 50 90 25/50/25 4109  46.14 9885%  97.65% 4040 401.0 00154 0.0292
6 0.229 45 30 0.520 60 100 15/70/15 3583 4216 99.06%  9654% 3952 397.0 00150 0.0298
7 0.229 90 45 0.578 40 80 35/30/35 40.17 4218  99.44%  9841% 4040 4020 0.0146 0.0298
8 0.229 90 45 0.578 50 90 25/50/25 4222 4440 98590%  9614% 3858 3968 00152 0.0318
9 0.229 90 45 0.578 60 100 15/70/15 38.57  43.14 9887% 9541% 3936 391.6 00158 0.0310
10 0.254 0 30 0.578 40 90 15/70/15 4239 473  9834%  9521% 4144 4138 00168 0.0324
" 0.254 0 30 0.578 50 100 35/30/35 39.71 4237 98.63% 9648% 3780 381.0 00152 0.0288
12 0.254 0 30 0.578 60 80 25/50/25 36.67 4235 9835% 97.32% 342.6 3488 00144 0.0264
13 0.254 45 45 0.484 40 90 15/70/15 40.69 4556 9834%  9616% 4160 4272 0.0174 0.0326
14 0.254 45 45 0.484 50 100 35/30/35 3704 4231 9848% 9553% 3948 397.6 00162 0.0284
15 0.254 45 45 0.484 60 80 25/50/25 4201 4189 99.30% 9664% 3500 3482 0.0138 0.0262
16 0.254 90 0 0.520 40 90 15/70/15 4436  47.57 9879% 9570% 3988 3958 0.0158 0.0302
17 0.254 90 0 0.520 50 100 35/30/35 40.65 4348 99.08%  9539% 3562 3460 0.0132 0.0254
18 0.254 90 0 0.520 60 80 25/50/25 39.27  46.18 9892%  97.40% 307.2 3090 0.0120 0.0236
19 0.330 0 45 0.520 40 100 25/50/25 39.90 4075 98.44%  9591% 3454 350.4 0.0142  0.0260
20 0.330 0 45 0.520 50 80 15/70/15 33.94 4302 99.32% 9688% 3140 3200 0.0124 0.0240
21 0.330 0 45 0.520 60 90 35/30/35 38.20 40.67 9842% 9775% 308.4 3100 00114 0.0224
22 0.330 45 0 0.578 40 100 25/50/25 36.69 4400 99.03% 9685% 3190 3224 0.0118 0.0234
23 0.330 45 0 0.578 50 80 15/70/15 37.25  43.88 99.30% 9665% 3048 3048 00116 0.0232
24 0.330 45 0 0.578 60 90 35/30/35 3304 39.52 988% 9830% 2814 2716 00110 0.0194
25 0.330 90 30 0.484 40 100 25/50/25 37.48 3874 99.15%  9612% 3460 3628 0.0138 0.0276
26 0.330 90 30 0.484 50 80 15/70/15 33.52 4174 99.18%  9676%  313.6 329.4 0.0122 0.0254
27 0.330 90 30 0.484 60 90 35/30/35 37.97 3891 9897% 9731% 3124 3070 0.0118  0.0234
Table 4 Standard Deviation

No Run Tensile Dimentional Accuracy Build Time Energy Consumption

PAP APA PAP APA PAP APA PAP APA

1 1.55 0.89 0.00 0.00 6.61 2.35 0.00 0.00

2 0.55 0.69 0.01 0.01 7.31 0.55 0.00 0.00

3 0.64 0.66 0.00 0.01 5.66 6.06 0.00 0.00

4 0.18 0.25 0.00 0.01 6.95 5.85 0.00 0.00

5 0.24 0.28 0.01 0.01 12.31 10.77 0.00 0.00

6 0.26 0.59 0.00 0.00 7.43 7.42 0.00 0.00

7 0.79 0.37 0.00 0.01 6.44 11.07 0.00 0.00

8 0.40 0.51 0.01 0.01 6.06 7.60 0.00 0.00

9 0.91 0.05 0.00 0.01 11.50 1.14 0.00 0.00

10 0.26 0.13 0.00 0.01 1.14 5.59 0.00 0.00

1 0.35 0.26 0.00 0.00 6.89 6.16 0.00 0.00

12 0.81 0.57 0.00 0.00 11.55 5.72 0.00 0.00

13 0.34 0.36 0.00 0.01 11.36 7.40 0.00 0.00

14 0.75 0.82 0.01 0.01 9.55 11.97 0.00 0.00

15 0.21 0.88 0.00 0.01 92.19 0.45 0.00 0.00

16 0.13 0.31 0.01 0.01 5.72 6.94 0.00 0.00

17 0.57 0.33 0.00 0.01 7.12 11.77 0.00 0.00

18 0.36 0.23 0.00 0.01 29.96 5.15 0.00 0.00

19 0.29 0.51 0.00 0.00 7.67 1.14 0.00 0.00

20 1.00 0.65 0.00 0.00 7.4 5.83 0.00 0.00

21 1.24 0.73 0.01 0.00 5.86 15.98 0.00 0.00

22 0.38 0.35 0.00 0.00 6.00 6.43 0.00 0.00

23 0.59 0.25 0.01 0.00 18.86 8.70 0.00 0.00

24 1.02 0.55 0.00 0.01 5.94 7.23 0.00 0.00

25 0.25 0.62 0.01 0.02 7.31 522 0.00 0.00

26 0.40 0.80 0.00 0.01 10.92 7.99 0.00 0.00

27 0.47 1.10 0.00 0.01 6.77 6.16 0.00 0.00
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No Run Tensile Dimentional Accuracy Build Time Energy Consumption
PAP APA PAP APA PAP APA PAP APA
Minimum 0.13 0.05 0.00 0.00 1.14 0.45 0.00 0.00
Maximum 1.55 1.10 0.01 0.02 29.96 15.98 0.00 0.00

3.1 Tensile Properties of Multi-Material Structure

Based on the results in Table 3, the highest tensile
strength for both PAP and APA structures is observed
in Run 16. To validate these results, three additional
specimens of each structure were prepared with
process parameters in Run 16 and subjected to tensile
testing. Figure 3 illustrates the stress-strain curve, while
Table 5 provides the tensile properties for three
repetitions of PAP and APA in Run 16. From the data,
The APA structure consistently demonstrates superior
mechanical properties in terms of Ultimate Tensile
Strength (UTS), yield strength, and Young's modulus
compared to the PAP structure, indicating its potential
for applications requiring higher strength and stiffness.
However, the PAP structure shows greater elongation
at break, suggesting better ductility and the ability fo
withstand more strain before failure, which might be
beneficial in applications where flexibility is crucial.

(a)

Stress-Strain Diagram of PLA-ABS-PLA

0.00 0.05 0.10 0.15 0.20 0.25

Strain (mm/mm)

Run 16.1 Run 16.2 Run 16.3

(o)
Stress-Strain Diagram of ABS-PLA-ABS
60.00
50.00

= 40.00

Pa

30.00

Stress (M

20.00

10.00

0.00
0.00 0.02 0.04 0.06 0.08 0.10

Strain (mm/mm)

Run 16.1

Run 16.2

Run 16.3

Figure 3 Stress-elongation curve of: (a) PAP; and (b) APA
specimensin Run 16

In this study, control samples consisting of single PLA
and single ABS were also prepared by printing three
specimens for each material using the process
parameters from Run 16, as detailed in Table 6. Based
on the data presented in Table 5, the average UTS for
the PAP structure is 42.07 MPa, while the APA structure
exhibits a higher average UTS of 48.03 MPa. Both the
PAP and APA structures demonstrate superior UTS
values when compared fo the single PLA and single
ABS samples, which have average UTS values of 17.12
MPa and 24.82 MPa, respectively, as shown in Table
6. Furthermore, the APA structure exhibits a UTS that
exceeds the highest UTS reported for ABS in the studies
by Bernadez et.al (35.2 MPa) [53], Panda et.al (18.09
MPa) [38], Fountas et.al (35.90 MPa) [54], and Baca
et.al (32.9 MPa) [26]. The PAP structure's UTS is also
higher than the UTS reported for PLA in studies by Kam
et.al (38.92 MPa) [55] and Kananathan et.al (37.5
MPa) [56]. but slightly lower than the highest UTS for
PLA reported in Baca et.al's study (47.5 MPa) [26]. This
suggests that mulfi-material structures enhance the
stfrength compared to what can be achieved with a
single material.

Table 5 Tensile properties of PAP and APA specimens in Run
16.

Utimate Yield Young's Elongation
Material . Tensile
Composition Repetition strength Strength Modulus at break
(MPa) (MPa) (MPa) (%)
1 41.44 36.29 4116.0 21.80
PLA-ABS-PLA 2 42.03 36.04 4238.7 6.24
(PAP) 3 42.72 34.51 4214.1 11.18
AVG 42.07 35.61 4189.6 13.07
1 42.48 45.88 4855.9 8.41
ABS-PLA-ABS 2 49.09 47.99 49158 8.69
(APA) 3 47.52 47.515 4733.5 7.06
AVG 48.03 47.19 4835.1 8.05
Table 6 Tensile fest of control samples
Parameters Material . Average UTS
in Run Composition pepetitien UIS{MES] (MgPa)
1 23.69
Single ABS 2 27.04 24.81
5 3 23.69
! 1 11.64
Single PLA 2 18.97 17.12
3 20.75

The average yield strength of the PAP structure is
35.61 MPa, whereas for the APA sfructure, it is
significantly higher at 47.19 MPa. The yield strength of
APA and PAP exceeds the highest yield strength of
single material PLA reported in Kananathan et.al’s
study (23.33 MPa) [56], indicafing superior
performance of multi-material structures in terms of
resistance to deformation.

The Young's modulus for the PAP structure is 4189.6
MPa, and for the APA structure, it is 4835.1 MPa. Both
PAP and APA structures have significantly higher
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Young's modulus values compared to those reported
for ABS in Bernadez et.al (795.9 MPa) [53] and Baca
et.al (1050 MPaq) studies [26], and also exceed the
Young's modulus values for PLA in Kananathan et.al
(1147.76 MPQa) [56] and Baca et.al (1397 MPa) studies
[26]. This indicates that both multi-material structures
are much stiffer than typical ABS or PLA alone.

The average elongation at break for the PAP
structure is 13.07%, while for the APA structure, it is
lower at 8.05%. The elongation at break for PAP and
APA is significantly higher than the highest reported
value for PLA and ABS in Baca et.al (4.6% and 5%
respectively) [26] but significantly lower than the
highest ABS elongation reported in Bernadez et.al’s
study (26%) [53]. The higher elongation at break for
both multi-material structure indicates that they have
better ductility compared to the single PLA and ABS in
some literature.

3.2 Dimensional Accuracy

Based on the dimensional accuracy data for the PAP
structure (Figure 4(a)) and APA structure (Figure 4(b)),
several key observations and implications can be
drawn. The dimensional accuracy values for both PAP
and APA structures, considering Length, Width, and
Thickness, are close to 100%, with the highest average
accuracy recorded at approximately 99.52% for the
PAP structure and 98.48% for the APA structure, both in
Run 4. Conversely, the lowest average value was
observed at 98.34% for PAP in Run 13 and 95.21% for
APA in Run 10. These findings suggest that both
structures generally maintain  high dimensional
accuracy, though some variation exists between
different runs and across the different dimensions
measured.

On average, the overall dimensional accuracy for
the PAP structure (PLA-ABS-PLA) is higher than that of
the APA structure (ABS-PLA-ABS). This discrepancy can
be attributed to material properties and their
behaviour during the 3D printing process. Different
materials used in 3D printing can exhibit varying
degrees of shrinkage or expansion during cooling or
solidification, which in turn affects the final
dimensional accuracy. Specifically, ABS material is
known to be more susceptible to shrinkage compared
to PLA [19]. This phenomenon is supported by Milde et
al. [57], who found that ABS parts shrink more than PLA
parts in terms of outer and inner distance deviation.
The study revealed that components fabricated from
ABS material experienced dimensional deviations of
more than 0.34 mm on the outer surfaces in the X-axis,
whereas the deviation for PLA components was less
than 0.27 mm [57]. This material behaviour likely
explains why the dimensional accuracy of the APA
structure, which contains more ABS layer, is lower than
that of the PAP structure.

The dimensional accuracy values for Length,
Width, and Thickness measurements across all runs are
generally consistent for both PAP and APA structures.
However, a noticeable frend is the lower accuracy
observed in the Thickness measurements compared

to Length and Width. This discrepancy can be
attributed to the inherent challenges in achieving high
dimensional accuracy in the vertical (thickness)
direction in 3D printing, which is offen more difficult
than achieving similar accuracy in the horizontal
(length and width) dimensions.

One reason for this lower accuracy in Thickness
could be the influence of layer height settings and
printer resolution. In 3D printing, the precision of
thickness measurements is largely affected by the
layer height used during the printing process [58]. If the
layer height is not fine enough, the resulting printed
thickness may deviate from the intended value,
leading to reduced dimensional accuracy [59].
Furthermore, 3D-printed structures often exhibit
anisotropic properties, meaning that their mechanical
and dimensional characteristics vary depending on
the direction of printing [60]. In particular, thickness is
influenced by the z-axis, where the layer-by-layer
construction occurs, and this direction is often the
least accurate in terms of both mechanical and
dimensional properties. Consequently, the observed
lower accuracy in Thickness may be a result of these
inherent limitations in the 3D printing process,
especially for complex geometries or components
that rely on precision in the vertical dimension.
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Figure 4 Dimensional accuracy of 3 axis in: (a) PAP; (b) APA
structure.
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3.3 Tensile strength VS build time

The data points in Figure 5 do not show a clear linear
frend, indicating that there is no strong correlation
between tensile strength and build fime in both PAP
and APA structure. The tensile strength values appear
to be relatively dispersed across different build times,
suggesting that build time might not be the primary
factor influencing tensile strength.

For the PAP structure, the highest tensile strength
recorded is 44.36 MPa, achieved with a build time of
398.8 seconds during Run 16. Conversely, the lowest
tensile strength observed is 32.05 MPa, associated with
a longer build time of 481.2 seconds in Run 1. The
longest build time of 482.0 seconds, observed in Run 3,
resulted in a tensile strength of 37.13 MPa, while the
shortest build time of 281.4 seconds, observed in Run
24, yielded a tensile strength of 33.04 MPa.

Interestingly, the highest and lowest of tensile
strengths and build time for APA occur in the same
runs as that of PAP. The highest tensile strength
recorded is 47.57 MPa, with a build time of 395.8
seconds in Run 16. The lowest tensile strength is 36.31
MPa, associated with a longer build time of 472.0
seconds in Run 1. The longest build time recorded is
482.8 seconds in Run 3, which resulted in a tensile
strength of 42.79 MPa. Meanwhile, the shortest build
time of 271.6 seconds, recorded in Run 24, produced
a tensile strength of 39.52 MPa.
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Figure 5 Tensile strength VS build time data plots of: (a) PAP
structure; (b) APA structure.

3.4 Tensile strength VS energy consumption

Based on Figure 6 there does not appear to be a
strong or clear correlation between tensile strength

and energy consumption. The data points are
scattered, indicating that energy consumption does
not have a straightforward impact on tensile strength.

For the PAP structure, the highest tensile strength
recorded is 44.36 MPa, corresponding fo an energy
consumption of 0.0158 kWh in Run 16. In contrast, the
lowest tensile strength of 32.05 MPa is associated with
a higher energy consumption of 0.0186 kWh in Run 1.
The highest energy consumption recorded is 0.019
kWh in Run 3, which results in a ftensile strength of 37.13
MPa. Conversely, the lowest energy consumption of
0.011 kWh, observed in Run 24, yields a tensile strength
of 33.04 MPa.

The highest and lowest of tensile strengths and
energy consumption for APA also happen in the same
runs as that of PAP. The highest tensile strength of 47.57
MPa is associated with an energy consumpftion of
0.0302 kWh in Run 16. The lowest tensile strength, 36.31
MPa, occurs with an even higher energy consumption
of 0.0334 kWh in Run 1. The highest energy
consumption of 0.0368 kWh is observed in Run 3,
producing a tensile strength of 42.79 MPa. On the
other hand, the lowest energy consumption of 0.0194
kWh, recorded in Run 24, results in a tensile strength of
39.52 MPa.
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Figure 6 Tensile strength VS energy consumption data plots
of: (a) PAP structure; (b) APA structure

3.5 Build time VS energy consumption

Figure 7 shows that the longest build fime recorded in
PAP structure is 482.0 seconds, which corresponds to
the highest energy consumption of 0.019 kWh,
observed in Run 3. Conversely, the shortest build time
is 281.4 seconds, associated with the lowest energy
consumption of 0.011 kWh, seen in Run 24.
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In the case of the APA structure, a similar pattern
emerges. The longest build time of 482.8 seconds is
linked to the highest energy consumption of 0.0368
kWh, also in Run 3. The shortest build time of 271.6
seconds is associated with the lowest energy
consumption of 0.0194 kWh, observed in Run 24.

The plot in Figure 7 shows that both structures
demonstrate a consistent pattern where longer build
times are directly correlated with higher energy
consumption, while shorter build times require less
energy. This relafionship is evident in both the PAP and
APA structures, suggesting that energy consumption is
largely determined by the duration of the build
process. The extended build times demand the 3D
printer to operate for longer periods, which in turn
consumes more power to maintain the necessary
temperatures, motor functions, and overall
operational processes required to complete the print.
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Figure 7 Build fime VS energy consumption data plots of: (a)
PAP structure; (b) APA structure

3.6 The effect of different levels of process
parameters

From the Taguchi analysis in Figure 8, in the PAP
structure, it is evident that for the majority of
parameters (Layer Thickness, Raster Angle, Build
Orientation, Raster Width, and Speed), the third level
provides the optfimal performance, followed by
second level, and lastly first level. This indicates that for
these parameters, the highest level offers the best
efficiency in terms of build time (Layer Thickness of 0.33

mm, Raster Angle of 90° Build Orientation of 45°,
Raster Width of 0.578 mm, and Speed 60 mm/s).
Conversely, for Infill Density, the lowest level is the most
optimal (Infill Density of 80%), indicating that less dense
infill  patterns result in quicker build times. For
Composition, the second level is the most efficient
(Composition of 25/50/25), which may suggest a
specific material composition balance that enhances
build time efficiency.

Similar to the PAP structure, the parameters Layer
Thickness, Raster Angle, Raster Width, and Speed show
the same trend where third level is the most optimal,
followed by second level, and lostly first level. This
consistency reinforces the observation that higher
levels of these parameters are generally beneficial for
minimizing build time. Infill Density consistently shows
that a lower density (Infill Density of 80%) results in faster
build times across both structures. This is likely due fo
the reduced amount of material and shorter print
paths required for less dense infill patterns. However,
Build Orientation differs in the APA structure, with 00
being the most opfimal level. This deviation suggests
that the optimal build orientation may depend on the
specific structure being printed, with different
geometrical and structural considerations playing a
role. Additionally, the Composition parameter shows a
shift in the optimal level from 25/50/25 in PAP fto
35/30/35 in APA. This variation indicates that the build
fime of material composition can be material-specific,
potentially influenced by the melfing properties.
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Figure 8 Taguchi analysis result of build time on: (a) PAP
structure; (b) APA structure
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On regards energy consumption, in the PAP structure
(Figure 9(q)), it is evident that the third level is the most
optimal for Layer Thickness, Raster Angle, Speed, and
Composition, indicating that the highest level of these
parameters reduces energy consumption the most.
For Build Orientation, the first level is most efficient,
suggesting that a specific orientafion minimizes the
energy required. The opfimal Raster Width is 0.520 mm,
which may reflect an ideal balance between the
width of the raster and the energy used. Similarly, for
Infill Density, the lowest level (Infill Density of 80%) is the
most optimal, indicating that less dense infill patterns
are more energy efficient.

The analysis for the APA structure (Figure 9(b))
shows a similar trend for Layer Thickness, Speed, and
Composition, with the third level being the most
optimal. However, the optimal Raster Angle in the APA
structure is 45°, indicating a slight difference in how this
parameter affects energy consumption compared to
the PAP structure. For Build Orientation, 0° remains the
most efficient, consistent with the PAP structure. The
optimal Raster Width is also 0.520 mm, aligning with the
findings for the PAP structure. The Infil Density
parameter consistently shows that a lower density (Infill
Density of 80%) results in lower energy consumption
across both structures. This is likely due to the reduced
material usage and less energy required for printing
less dense infill patterns.
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Figure 9 Taguchi analysis result of energy consumption on: (a)
PAP structure; (b) APA structure

From the analysis results in Figure 10, it is evident that in
PAP structure, the first level is the most optimal for
Layer Thickness, Build Orientatfion, and Infill Density,
indicating that the lowest level of these parameters
provides the best dimensional accuracy. For Raster
Angle, the third level is the most optimal (Raster Angle
of 90°), suggesting that a specific angle achieves the
best accuracy. Similarly, for Composition, the third
level (35/30/35) is the most optimal. The optimal Raster
Width is 0.520 mm, which may reflect a balance
between the width of the raster and achieving
dimensional precision. Finally, for Speed, the middle
level (50 mm/s) is the most optimal.

The analysis for the APA structure shows a similar
trend for Layer Thickness, Build Orientation, and Infill
Density, with the first level being the most optimal. Both
structures also find that Raster Width of 0.520 mm and
Composition of 35/30/35 to be the most optimal,
highlighting the importance of raster width and
material composition in  achieving dimensional
accuracy. However, the optimal Raster Angle differs
between the two structures, with 90° being optimal for
PAP and 45° for APA. This suggests that the ideal raster
angle may be structure-specific, potentially
influenced by the geometry and specific accuracy
requirements of each structure. For Speed, 60 mm/s is
the most optimal, suggesting a different ideal speed
for achieving accuracy in the APA structure.
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Figure 10 Taguchi analysis result of dimensional accuracy on:
(a) PAP structure; (b) APA structure
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In ferms of tensile strength, in PAP structure (Figure 11(a)),
the second level is the most optimal for Layer Thickness,
Raster Width, Infil Density, and Composition, indicating
that these middle levels provide the best tensile strength
(Layer Thickness of 0.254 mm, Raster Width of 0.520 mm,
Infill Density of 90%, and Composition of 25/50/25). For
Raster Angle and Build Orientation, the third level is the
most optimal (Raster Angle of 90°, Build Crientation of 45°),
suggesting that the highest level of these parameters
confributes to greater tensile strength. For Speed, the
lowest level (40 mm/s) is the most optimal, indicating that
slower print speeds result in better tensile strength.

The analysis for the APA structure (Figure 11(b)) shows
a similar trend for Layer Thickness, Raster Width, and Infill
Density, with the second level being the most optimal.
However, the optimal Raster Angle in the APA structure is
45°, differing from the PAP structure where 90° was
optimal. This suggests that the ideal raster angle may be
structure-specific, influenced by the geometry and
specific tensile strength requirements of each structure.
Differ from PAP, Build Crientation of 0° is the most optimal
in APA, indicating that different orientations are better
suited for achieving maximum tensile strength in different
structures. The optimal Speed is 50 mm/s, suggesting a
moderate print speed is best for tensile strength in APA,
contrasting with the PAP structure where 40 mm/s was
optimal. Composition 25/50/25 is the most optimal in PAP,
while in APA, 15/70/15 is the most optimal. This indicates
that material composition's influence on tensile strength
can be highly dependent on the specific structure.
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Figure 11 Taguchi analysis result of tensile strength on: (a) PAP
structure; (b) APA structure

3.7 Significance of process parameters

The analysis of variance (ANOVA) in Table 7 highlights
the P-values for seven different parameters
concerning four oufputs (Build Time, Energy
Consumption, Dimensional Accuracy, and Tensile
Strength). A P-value less than 0.05 indicates that the
parameter has a significant influence on the output.
The results are presented for two different structures,
labelled as PAP and APA.

Table 7 P-value derived from ANOVA results

PR Energy Dimensional Tensile
Build time "

Parameters consumption accuracy strength
PAP APA PAP APA PAP APA PAP APA
Layer 0000 0000 0000 0593 0025 0003 0000  0.000

Thickness
Raster Angle 0.000  0.000  0.000 0.939 0.018 0.149 0.019 0.194
Build 0000 0096 0666 1000 0565 0252 0045 0.189
Orientation

Raster Width 0.000  0.000  0.000 0.908 0.807 0.719 0.002  0.000
Speed 0.000 0.000 0.000 0.916 0.807 0.199 0.005 0.002
Infill Density 0.000 0.000 0.000 0.978 0.003 0.000 0.000 0.000
Composition 0.000  0.000  0.000 0.985 0.532 0.000 0.050  0.000

For build time, all parameters significantly influence
the output in the PAP structure, with P-values of 0.000
for each parameter, indicating a strong impact. In the
APA structure, most parameters also show significant
influence, except for Build Orientation, which has a P-
value of 0.096. This suggests that while Build
Orientation does not significantly affect build time in
the APA structure, it is highly significant in the PAP
structure.

Energy consumption shows significant results for all
parameters in the PAP structure, except for Build
Orientation, which has a P-value of 0.666. Conversely,
in the APA structure, none of the parameters exhibit a
significant influence, with P-values ranging from 0.593
to 1.000. This indicates that the PAP structure is more
sensitive to variations in parameters regarding energy
consumption compared to the APA structure. In
general, a review by Vidakis et al. [61] indicates that
energy consumption does not affected by build
orientation. Additionally, in the APA (ABS-PLA-ABS)
structure, the presence of more ABS layers (top and
bofttom) requires higher printing temperatures. This
results in less variation in energy consumption, even
when other printing parameters are altered. As a
result, no printing parameter has a significant effect on
energy consumption when printing the APA structure.

Dimensional accuracy is significantly influenced by
Layer Thickness and Infill Density in both structures. In
the PAP structure, these parameters have P-values of
0.025 and 0.003 respectively while in the APA structure
is 0.003 and 0.000 respectively. While Raster Angle
significantly affects dimensional accuracy in the PAP
structure (P=0.018) but not in the APA structure
(P=0.149). The Raster Angle affects how the printed
material bonds to the previous layer, which in turn
influences the adhesion between layers and impacts
dimensional accuracy. ABS material has a slower
cooling rate, which promotes better layer adhesion.
Therefore, in the APA structure, which contains more
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ABS layers, changes in the raster angle do not
significantly affect adhesion. As a result, there is less
variation in dimensional accuracy across different
raster angles in the APA structure. On the other hand,
composition shows a significant effect only in the APA
stfructure (P=0.000). Generally, PLA have higher
dimensional accuracy compared to ABS material,
which have inherent shrinkage properties [19], [57]. In
the PAP structure, PLA is used for the outer layers,
which significantly influences the overall dimensional
accuracy. As PLA has higher dimensional accuracy,
the PAP structure tends to exhibit consistent and high
dimensional accuracy, with less variation between
specimens, even when prinfed with different
composition percentages.

Tensile strength is significantly affected by most
parameters in both structures. Layer Thickness, Raster
Width, Speed, and Infill Density have consistently lower
P-values than 0.05 in both PAP and APA structures.
Specifically, Layer Thickness (P=0.000), Raster Width
(P=0.002), Speed (P=0.005), and Infill Density (P=0.000)
in the PAP structure, and Layer Thickness (P=0.000),
Raster Width (P=0.000), Speed (P=0.002), and Infil
Density (P=0.000) in the APA structure. Raster Angle
and Build Orientation are significant in the PAP
structure but not in the APA structure, with P-values of
0.019 and 0.045, respectively. Raster angle and build
orientation affect how printed material bonds to the
previous layer and how layers cool, influencing layer
adhesion and mechanical properties like tensile
stfrength. In the APA structure, which contains more
ABS in the outer layers, the material's inherent
adhesion properties reduce the impact of these
factors on layer bonding. As ABS naturally promotes
better adhesion, changes in raster angle and build
orientation have a minimal effect on the fensile
strength. Consequently, the tensile strength in the APA
structure remains relatively consistent, even when
varying the raster angle and build orientation.
Meanwhile, Composition shows a significant influence
on the APA structure (P=0.000) but not on the PAP
structure (P=0.050). PLA generally has lower tensile
strength than ABS, due to its material properties. In the
PAP structure, PLA that is used as the outer layers is
prone to breaking. Therefore, the use of PLA as the
outer layers in PAP may result in less variation in tensile
strength, even when the Composition percentages
are changed.

3.8 Future Perspectives

Based on the experimental results, the APA sandwich
structure exhibited superior tensile strength and
Young's modulus, indicating its suitability for
applications that demand high stiffness and
resistance to deformation. Such performance
characteristics make it ideal for components like
electronic casings, lightweight structural elements,
and interior parts of vehicles where mechanical
rigidity is essential. In contrast, the PAP structure
demonstrated better elongation at break, greater
dimensional accuracy, improved energy efficiency,

and more straightforward processing requirements.
These attributes make it particularly advantageous for
ultra-lightweight applications, including electronic
components, drone airframes, and automotive
interiors, where a balance between stiffness, damping
capability, and controlled deformability is critical.

Despite the promising performance of both
stfructures, the industrial application of fthese
multimaterial sandwich configurations requires further
investigation. In particular, understanding how these
materials behave under real-world operational
conditions will be crucial for their practical
deployment.

Moreover, this study has several limitations that
should be addressed in future research. For instance,
the influence of process parameters on surface
roughness has not been thoroughly examined.
Additionally, the current analysis focuses only on the
effects of printing parameters on tensile strength,
dimensional accuracy, and energy efficiency. Future
work should incorporate multi-objective optimization
techniques using desirability functions or advanced
metaheuristic algorithms such as NSGA-Il and MOPSO.
The objective will be to identify the most favourable
combination of material compositions and process
parameters that optimize multiple performance
criteria, including mechanical strength, energy
consumption, and print quality. Furthermore, sensitivity
analysis and regression modelling will be employed to
enhance the robustness of the optimization
framework and fo better understand the
interdependencies among various parameters.

4.0 CONCLUSION

An investigation into the effects of various process
parameters in multi-material FDM printing on energy
consumption, build time, dimensional accuracy, and
tensile strength has been conducted for two distinct
sandwich  structures:  PLA/ABS/PLA  (PAP) and
ABS/PLA/ABS (APA). Generally, the APA structure
exhibits superior tensile strength, but lower dimensional
accuracy compared to the PAP structure. Despite
variations in build fime, the APA structure tends to
consume more energy, even in instances where ifs
build time is shorter than that of the PAP structure. This
indicates that the material composition and structure
type significantly influence energy consumption,
beyond what is suggested by build fime alone. When
compared to existing literature, both structures
outperform standard ABS and PLA in several key
mechanical properties, highlighting the effectiveness
of combining these materials in  multi-material
structures.

The data points analysis reveals that while there is
a clear positive correlation between build time and
energy consumption, there is no strong correlation
between tensile strength and either build time or
energy consumption, as the data points for tensile
strength are scattered and show no clear linear frend.
The analysis using ANOVA was further conducted to



195 Andri Nasution et al. / Jurnal Teknologi (Sciences & Engineering) 88:2 (2026) 183-197

identify which process parameters significantly affect
energy consumption, build time, dimensional
accuracy, and tensile strength.

The ANOVA analysis shows that the significance of
the parameters varies between the PAP and APA
structures. For the PAP structure, all parameters are
significant for build time, whereas in the APA structure,
Build Orientation is not significant. Regarding energy
consumption, the PAP structure shows significant
results for all parameters except Build Orientation,
while the APA structure does not demonstrate this
consistency. Dimensional accuracy in both structures
is influenced by Layer Thickness and Infill Density, with
additional significance observed for Raster Angle in
the PAP structure and Composition in the APA
structure. Tensile strength is similarly affected by
multiple parameters across both structures, including
Layer Thickness, Raster Width, Speed, and Infill Density.
These findings underscore the critical role of method
selection in additive manufacturing, as the choice of
structure can significantly affect the importance of
various parameters in achieving optimal print quality.
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