Influence of extrusion 4D printing parameters on the thermal shape-morphing

behaviors of polylactic acid (PLA)

Aref Ansaripour?, Mohammad Heidari-Rarani®*, Rasoul Mahshid?, Mahdi Bodaghi®

aDepartment of Mechanical Engineering, Faculty of Engineering, University of Isfahan, 81746-73441

Isfahan, Iran

bDepartment of Engineering, School of Science and Technology, Nottingham Trent University,
Nottingham NG11 8NS, United Kingdom

*Corresponding author: m.heidarirarani@eng.ui.ac.ir

Abstract

A simple and inactive structure is able to transform into a complex and active one via four-dimensional
(4D) printing. Controlling bending deformation, activation time, and temperature is crucial in 4D
printing. This study aimed to comprehensively evaluate and analyze the effect of different process
parameters on the bending deformation of polylactic acid (PLA) shape-morphing produced by material
extrusion additive manufacturing. These parameters included layup, layer thickness, printing speed,
nozzle temperature, nozzle diameter, and bed temperature. Since the bending deformation is significantly
affected by the specimen wall, this study has focused, for the first time, on the simultaneous influence of
process parameters and presence of a wall on the deformation. Furthermore, the study examined the
influence of printing parameters on activation time and activation temperature. The results indicated that
increasing the pre-strain stored in the parts led to a decrease in activation time and activation temperature.
Subsequently, the the Taguchi design of experiment method was used to optimize the most influential
parameters on the bending deformation. The difference between the optimal predicted and the
experimental deformations was less than 2%. Layer thickness, layup, nozzle temperature, and printing

speed were recognized respectively as the most effective parameters for controlling deformation.
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1 Introduction

Additive manufacturing (AM) or three-dimensional (3D) printing is a general term for various
manufacturing methods that aim to create structures based on stacking layers on top of each other to
create complex 3D geometries. Its main features include freedom in designing structures, minimizing
materials lost, rapid prototyping, and building structures with complex geometries [1-3]. According to
ISO/ASTM 52900, seven procedures have been introduced for additive manufacturing of polymers in
which the most common one is material extrusion [4, 5]. Material extrusion method has different ways
to create parts. One of them is the fused deposition modeling (FDM) method, which is also known as
fused filament fabrication (FFF). This method is the most common method for additive manufacturing
of thermoplastic polymers [6-8]. FFF printers create various structures layer by layer from a 3D
computer model by heating filaments of thermoplastic polymers, converting them into a semi-liquid state,
and extruding them through a small nozzle to print the complete specimen [9, 10]. Fig. 1 illustrates a

general schematic of the FFF process.
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Fig. 1 A schematic of the FFF process

By enhancing materials science, the 3D printing approach has been developed and upgraded to four-
dimensional (4D) printing [11]. With the definition of 4D printing in 2013, a lot of attention has been
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attracted to this field, resulting from the interdisciplinary research and growth of smart materials, 3D
printers, and design [12]. 4D printing is based on 3D printing, which requires additional stimuli (such as
heat [13], water [14], PH [15], etc.) and stimuli-responsive materials that evolve as a function of time
based on specific interaction mechanisms between smart materials and stimuli [16]. With the
advancements of 4D printing, this printing technique has been able to spread in various fields such as
medicine [17], metamaterials [18], aerospace [19], sensors [20], soft robotics [21], and automotive [22].
Smart materials include various materials, for instance, shape memory polymers (SMPs) [23], hydrogels
[24], and shape memory alloys (SMAS) [25]. SMPs are typically smart soft materials that have the ability
to transform from a temporary configuration to their initial configuration in response to external stimuli
[26]. Polylactic acid (PLA) is a common SMP in 3D and 4D printing used in FFF printers [27].
Nowadays, due to the fact that the use of petroleum products has expanded significantly and causes long-
term risks for the ecosystem, in this regard, replacing synthetic polymers with biological and
biodegradable polymers is a suitable strategy to deal with this issue. PLA, which is comparable in
performance to petroleum-based polymers, is a biodegradable polymer that is widely used in medical
applications [28, 29].

Due to the expansion of 4D printing in various industries, it is essential to know the behavior of materials,
stimuli, and the effects of manufacturing parameters on the bending deformation and activation time of
structures. Bending deformation behavior applies to special fields such as gripes [30], stents [31], hinges
[32], self-assembly structures [33], and tissue engineering [34], and some studies were conducted on this
behavior. For this purpose, Hu et al. [35] used a thermally-responsive shape memory polymer with self-
bending characteristics without any need for prior programming in disk, ring, and strip-shaped structures
using an FFF 3D printer. Bodaghi et al. [36] investigated experimentally and numerically the efficacies
of printing speed on the bending specifications of PLA specimens. Their results indicated that by heating
the printed specimen up to the glass transition temperature (Tg), larger deformations can be achieved by
increasing the printing speed. Manen et al. [37] inquired about the layer thickness effect on the activation
time. It was found that the activation time can be controlled by changing the layer thickness. Bodaghi et
al. [38] perused the influence of printing temperature at two levels of 210°C and 230°C on an SMP. Their
results showed that the amount of deformation decreases with the increase in printing temperature. They
explained the reason for this phenomenon in the way that any increase in printing temperature has an
inverse effect on the pre-strain stored during printing and reduces the amount of deformation in response
to the applied stimulus. Kacergis et al. [39] studied the behavior of printed structures made of PLA and
TPU. The printed layers of PLA played the role of active layers in the printed structures. They examined

the influence of three parameters including the number of active layers, printing speed, and bed
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temperature in these structures. Their results demonstrated that by heating the printed specimens in water
at 85°C for 2 minutes, the specimens fabricated with a higher printing speed had more deformation and
the specimens printed with a lower bed temperature deformed more. In another study, Yu et al. [40]
printed two-component structures including PLA as the active block and carbon fiber-reinforced
polylactic acid (CFPLA) as the limited block to strengthen the structures. They studied the three printing
factors including printing orientation, layer thickness, and material characteristics. It was found that by
enhancing the layer thickness, the value of deformation declined due to applying a stimulus, and the
deformation could be controlled by the orientation of the layers. Research in the field of 4D printing was
not limited to using shape memory polymers. Goo et al. [41] perused the impact of the layering procedure
on the thermal bending deformation of acrylonitrile butadiene styrene (ABS) without shape memory
effect by making anisotropy in the printing orientations. Their results displayed that much more flexural
deformation can be achieved compared to homogeneous layering. Tezerjani et al. [42] proposed a model
for circular disks fabricated from PLA using the response surface method. Their variable parameters
included printing speed, layer thickness, bed temperature, and nozzle temperature. The results of this
study revealed that by optimizing the printing parameters, the maximum deformation of the circular disc
is 17.63 mm. Recently, Alshebly et al. [43] investigated the filling patterns and percentage of filling on
a SMP. They stated that variable stiffness can be utilized to program the shape memory effect (SME) of
structures in different ways.

The above literature review indicates that limited attention has been given to the impact of layup, nozzle
diameter, bed temperature, and specimen wall on the bending deformation in 4D printing. In this study,
a comprehensive investigation of all process parameters was conducted for the first time on two types of
specimens, with and without wall. The one-factor-at-a-time (OFAT) method was employed for the
recognition of effective parameters of 3D-printed PLA shape-morphing specimens using an FFF printer.
Additionally, this study examined the influence of print parameters on activation time and activation
temperature. Finally, the significant parameters were identified, and optimization was performed using

the Taguchi design of experiment method.

2 Material and method
2.1 Materials
The PLA+ filament provided by eSUN company has been utilized to fabricate the specimens. In order to

obtain polylactic acid melting point and Tg, the differential scanning calorimetry (DSC) test was done on
PLA filament from 24 to 240°C at a rate of 10°C/min. Fig. 2 shows the DSC test results. The melting



temperature and Ty are approximately 171°C and 57°C, respectively. To determine the Tq4 value, the

average of the initial drop range (50°C to 64°C) was considered as depicted in Fig. 2.
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Fig. 2 DSC test for PLA filament

2.2 Specimen preparation

The 3D model of the parts is designed by SOLIDWORKS software with the dimensions of 90 mm x12
mm x1.2 mm and 110 mm x12 mm x1.2 mm. The standard triangle language (STL) output was taken
from the software and imported to Cura software to determine the printing parameters. The constant
printing parameters are reported in Table 1. The G-code output of Cura software is given to the 3D printer
to print the specimens.

Specimens with the dimensions of 90 mm x 12 mm x 1.2 mm were printed with three walls in order to
examine the effect of wall parameters and non-uniform speed on the printing process. To remove the
influence of the wall and non-uniform speed, specimens measuring 110 mm x 12 mm x 1.2 were cut
using a surgical blade and resized to dimensions of 90 mm x 12 mm x 1.2 mm. The non-uniformity of
speed refers to the phenomenon where the nozzle reduces its speed as it approaches the end of its

trajectory. As a result, there are variations in speed between the middle and the edges of the specimen.



Table 1 Constant printing parameters

Process parameters Value
Print speed, mm/s 60
Nozzle diameter, mm 0.4
Layer thickness, mm 0.1
Nozzle temperature, 'C 190
Bed temperature, 'C 30
Infill density, % 100

2.3 Test procedure

The heat stimulus was applied by an oven from the ambient temperature up to 30°C higher than Tg, i.e.,
87°C for 40 minutes. The length of the specimens was measured before and after applying the stimulus
with a caliper with a resolution of 0.01 mm. Fig. 3 shows how to measure the distance between the two
ends of the specimens before and after applying the stimulus. All specimens initially have a length of Lo,
and after applying the thermal stimulus, their length will reach L. The percentage of the bending

deformation rate of the specimens is calculated from Eq. (1).
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Fig. 3 (a) Primary length of Lo before applying the stimulus and (b) Secondary length of Ly after
applying the stimulus
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In order to recognize that the obtained results in this research are reliable, three series of specimens have

been printed and tested. Ten stacking sequences with different permutations of angles of 0" (in the
direction of the specimen lenght) and 90° (in the direction of the specimen width) have been investigated.

Fig. 4 shows the orientation of 0" and 90" in the printed specimens.

Transverse layer
(90°)
Longitudinal layer
(0%)

Fig. 4 Orientation of the layer with an angle of 90" along the width of the specimen and orientation of

the layer with an angle of 0 along the length of the specimen

2.4 Design of experiment (DOE) procedure

In the process of designing experiments, specific input parameters, known as independent variables, are
randomly selected. These experiments are then carried out to generate results, which act as output
parameters or dependent variables within the framework of the DOE method. These obtained results are
subsequently utilized for the parameter optimization. One approach for optimizing the output parameters
involves the implementation of response surface methodology, which is a particular type of DOE that
aids in predicting the output parameters. Another technique is the use of the mixture design of
experiment, which helps identify the optimal combination of composite materials to achieve the highest
response. Additionally, the Taguchi DOE method is another strategy employed to optimize the input

parameters and attain maximum values for the output parameters.
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The main purpose of this study is to optimize the level of effective parameters on the bending deformation
of 3D-printed PLA materials having no walls. Thus, utilizing Minitab software, the Taguchi method is
utilized to obtain the best level of parameters. Four effective parameters are selected for the optimization
process via the Taguchi method and an L18 Taguchi orthogonal array is designed and reported in Table
2. The mixed-level design is applied for the optimization of parameters (three parameters in three levels
and one parameter in two levels). The layups P1, P2, and P3 are [90n/0n], [0n/90n], and [02/3n/901/3n],
respectively. These three layups are chosen based on the highest bending deformations occurred for the
printed PLA discussed in Section 3.1.1.

Table 2 An L18 Taguchi orthogonal array

) Layer thickness Nozzle temperature  Printing speed
Specimen Layup .
(mm) (C) (mm/s)
1 0.1 P1 190 20
2 0.1 P1 200 40
3 0.1 P1 210 60
4 0.1 P2 190 20
5 0.1 P2 200 40
6 0.1 P2 210 60
7 0.1 P3 190 40
8 0.1 P3 200 60
9 0.1 P3 210 20
10 0.2 P1 190 60
11 0.2 P1 200 20
12 0.2 P1 210 40
13 0.2 P2 190 40
14 0.2 P2 200 60
15 0.2 P2 210 20
16 0.2 P3 190 60
17 0.2 P3 200 20
18 0.2 P3 210 40




3 Results and discussion
3.1 Effect of process parameters

In this section, the effect of the layup on the amount of bending deformation is initially evaluated.
Following the evaluation of the layup [90n/0n], the impact of other parameters is examined to gain a better

understanding of the results.
3.1.1 Layup effect

Table 3 indicates ten different layups for 3D printed specimens with permutations of 0° and 90° layers.
Regarding the purpose of this study which is the evaluation of bending deformation changes along the
length of the specimen, the 0" and 90" layups have been chosen. The specimens were printed according
to the default printing conditions of Table 1. Fig. 5 shows the average and standard deviation of bending
deformation percentage for specimens without wall. Fig. 6 demonstrates the final deformation of the

printed specimens with the layups illustrated in Table 3.

Table 3 The name and layup of each specimen

Specimen name Layup
A-1 [90]12
A-2 [0]12
A-3 [906/06]
A-4 [06/90]
A-5 [904/03]
A-6 [04/903]
A-7 [90/0/90/0/90/0/90/0/90/0/90/0]
A-8 [0/90/0/90/0/90/0/90/0/90/0/90]
A-9 [90/0/90/0/90/0] s
A-10 [0/90/0/90/0/90] s
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Fig. 5 Bending deformation percentage of different layups
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Fig. 6 The final deformation of 3D-printed shape-morphing PLA material with different layups

It can be found from Fig. 5 that the creation of anisotropy in the asymmetric and non-homogeneous
layups in the printed specimens is a crucial factor in the bending deformation. In addition, the shrinkage
of the longitudinal layers of the specimen when applying stimulus will cause bending in the length
direction. For example, the minimum extent of the bending deformation is observed in the symmetric
layups such as A-1, A-2, A-9, and A-10 against the asymmetry layering. Assuming symmetric specimens
with the same pre-strain applied to the 0" and 90" layers at each position, it can be observed that the
shrinkage of the upper 6 layers neutralizes the shrinkage of the lower 6 layers. As a result, these layers

exhibit reduced deformation.

Based on the results obtained, it can be concluded that the highest amount of deformation is observed in
the asymmetric specimens, except for specimens A-8 and A-7. Samples A-8 and A-7 exhibit less
deformation due to a lower level of asymmetry compared to other asymmetric specimens. The
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asymmetric specimens A-3, A-4, A-5, and A-6 demonstrate higher levels of deformation, which can be
attributed to both their inherent asymmetry and the varying amount of stored pre-strain among their
layers. It is worth noting that specimens A-3 and A-4 give different bending results due to the change of
the orientation of the longitudinal and transverse layer in the above and bottom of the parts. This
discrepancy can be attributed to the different levels of pre-strain stored in each layer. As reported in Ref.
[38, 42], each layer possesses a distinct amount of stored pre-strain, with the level of pre-strain increasing
as one moves towards the higher layers (see Fig. 7). The reasons behind the pre-strain increases when

the specimen height increases are as follows:

e The last layer that is printed has a larger contact surface time with the environment, allowing the
layer to exchange more heat received from the FFF printer nozzle with the surrounding
environment compared to the lower layers.

e The melted materials coming out of the nozzle give less heat to the layers printed later.

e The top layers will achieve less heat generated by the bed of FFF printer than the lower layers.

Last layer

—> Middle layers

Pre-Strain gradient

First layer

Fig. 7 Gradient of stored pre-strain between layers during printing

In the investigation done by Jamshidi et al. [44] on the strip-shaped PLA specimens, it was found that
the most bending deformation occurs at non-homogeneous and asymmetric layups. They introduced the
layup [90n/0n] as the layup which has the most deformation. Also, the results obtained by Goo et al. [41]
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illustrated that the most deformation takes place in the non-homogeneous and asymmetrical layering

which their results have appropriate consistencies with our results.

3.1.2 Effect of layer thickness

In this section, the effect of three layer thicknesses of 0.1, 0.2, and 0.3 mm is investigated on the bending
deformation in the [90,/0n] layup. This comparison was done for the total thickness of the specimens
being 1.2 mm and the consistent ratio of 0" and 90" layers. The different layer thicknesses can be observed
in Fig. 8. The constant printing conditions were examined in Table 1. The values of deformation
percentages of striped-shape PLA specimens can be observed in Table 4 at different layer thicknesses of

the specimens.

Table 4 Bending deformation percentage of striped-shape PLA specimens for total layer thickness of

1.2 mm

_ Without wall With wall
Layer thickness

Layup  Deformation percentage + SDV  Deformation percentage £ SDV

(mm)
(%) (%)
0.1 [906/05] -69.973.1 -8.3410.1
0.2 [905/03] -6.29+0.2 -3.56+0.3
0.3 [90,/07] -3.5540.27 -2.61£0.21

The experimental results indicate an inverse relationship between the deformation percentage and the
layer thickness for both sets of specimens; with and without wall. Specifically, as the layer thickness
increases, the deformation rate decreases by approximately 89.85% and 68.7% for specimens without
the wall and the ones with the wall, respectively. Reducing the layer thickness results in less material
being extruded from the nozzle, allowing for faster cooling of the printed layers. Consequently, thin
layers enable more stored pre-strain and show more deformation through applying stimulus. It can also
be noted that increasing the layer thickness reduces the flexibility, resulting in decreased deformation.
In terms of comparing specimens with and without wall, the presence of a wall acts as a robust frame,
effectively preventing deformation. Hence, less deformation is observed in specimens with wall. Fig. 9
illustrates the actual bending deformation of the printed specimens without wall effect across various
layer thicknesses. Video 1 in supplementary data shows the behavior of the printed specimens over time.

Previous studies in [37] and [40] coincide with the results obtained in this section.
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Fig. 9 The final deformation of 3D-printed shape-morphing PLA material with different layer

thicknesses

3.1.3 Effect of printing speed

One of the most effective parameters for bending deformation is the printing speed. In this subsection,
the effect of three printing speeds of 20, 40, and 60 mm/s is investigated on the bending deformation and
other process parameters remain constant and their values are reported in Table 1. According to the
results shown in Fig. 10a, by increasing the printing speed, the printed specimens are less exposed to the
nozzle heat and the hot materials coming out, which leads to the rapid cooling of the specimens after
printing. Also, the higher the printing speed, the higher the elongation of the material in each layer (see

Fig. 11). Thus, more residual stress is created in the printed specimens. All these factors cause the stored
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pre-strain to escalate by enhancing the printing speed in the printed specimens and providing larger
deformation. Also, it is observed that reducing the printing speed results in a decrease in the percentage
of deformation for both parts with and without wall. Specifically, the deformation percentage decreases
by approximately 57.75% for specimens without wall and by 28.01% for specimens with wall. This
disparity in deformation between the cut and uncut specimens highlights the influence of the wall and
the non-uniform printing speed on the two series of printed specimens. Fig. 10b displays the final
deformation of the no-wall specimens at various printing speeds.

Hu et al. [35] conducted a study on the strip-shaped specimens made of an SMP printed at different
printing speeds of 20, 30, 40, and 50 mm/s. The layers were printed only in the length direction of the
specimens. Their results showed that by increasing the printing speed, the larger deformation can be
achieved. In another study, Bodaghi et al. [36] also perused the influence of printing speed and claimed
that by enhancing the printing speed from 20 to 70 mm/s in the printed specimens, large deformation can
be obtained, and their results were consistent with our results. Video 2 in supplementary data

demonstrates the bending deformation of the 3D-printed specimens over time.
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Fig. 10 (a) The values and (b) the shapes of the final deformation of PLA materials at various printing
speeds

/l,q.'

Fig. 11 The schematic of the heat transfer gradient and elongation of materials during a constant time
at (a) high speed and (b) low speed

3.1.4 Effect of nozzle temperature

According to the constant printing parameters, the effect of nozzle temperature is studied at three levels
of 190, 200, and 210°C. The results depicted in Fig. 12 demonstrate the impact of nozzle temperature on
the bending deformation of strip-shaped specimens with and without wall. As the nozzle temperature
grows, the deformation percentage declines by approximately 83.22% for the wall-less specimens and
62.44% for the with wall specimens. Accordingly, more heat flux is transferred to the printed specimens
when they are printed simultaneously and much more time is needed for the cooling of specimens. This
increase in the cooling time of the printed specimens causes the loss of a large amount of pre-strain
created during the printing process, which ultimately reduces the amount of final deformation. The
obtained results in this research have a convenient consistency with a previous study carried out by
Bodaghi et al. [38].
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Fig. 12 The amount of final deformation of printed specimens with different nozzle temperatures

3.1.5 Effect of nozzle diameter

In this section, the nozzle diameter has been examined at three levels of 0.4, 0.6 and 0.8 mm. It was
observed that the nozzle diameter can affect both the amount of deformation. The obtained results Fig.
13 demonstrate that the deformation percentage of the wall-less specimens goes up by approximately
25.16% with the enhancement of nozzle diameter. There are two reasons for the enhancement of the
deformation percentage through the increase of the nozzle diameter. The first one is that the injection
width increases when the nozzle diameter enhances. For example, as it is revealed in Fig. 14, the material
must be injected 30 times along the specimen to fill a longitudinal layer with a constant height when the
nozzle diameter is 0.4 mm. Whereas, the number of injections is reduced by half for the specimen printed
with a nozzle diameter of 0.8. Therefore, the printing time of the specimen reduces, and it can be cooled
sooner. Accordingly, the sooner the specimen is cooled, the more the pre-strain can be stored in the
specimen. The second reason is related to the heat transfer gradient of the materials coming out of the
nozzle. Fig. 15 presents a schematic of the thermal gradients of output filaments from nozzles to the
injected materials with diameters of 0.4, 0.6, and 0.8 mm. According to this figure, it can be observed

that the output materials that are located near the nozzle opening have more heat than the materials that
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exit far from the nozzle opening. Therefore, with an increase in the nozzle diameter, the temperature
difference in the low-temperature zone (light blue) and high-temperature zone (dark red) increases and
materials exiting the center of the nozzle diameter have a lower temperature and can store more pre-
strain during the printing process. According to the mentioned reasons, it can be found that by increasing
the nozzle diameter, larger deformations can be achieved.

According to Fig. 13, in the case of specimens without wall, increasing the nozzle diameter had an inverse
effect on the deformation. It means that as the nozzle diameter increases, the deformation decreases by
50.29%. To understand the reduction in deformation for specimens with wall, we can consider that
increasing the nozzle diameter also increases the width of the material injection by the same amount. As
a result, when the nozzle diameter increases, the wall occupies a larger area. Taking this into account, it
can be found that the ratios of the remaining space area in the transverse layers with wall to transverse
layers without wall for nozzle diameters of 0.4 mm, 0.6 mm, and 0.8 mm are approximately 77.87, 67.72,
and 56.68, respectively. From the comparison of these area ratios, it is clear that the wall area increases
with the growth of the nozzle diameter. Considering that most of the occupied space in the walls is
attributable to the longitudinal walls, this brings the layup [906/06] closer to the layup [90]12, resulting in
less deformation.
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Fig. 13 Effect of nozzle diameter on the bending deformation of strip-shaped specimens

18



()

(b)

(©

Fig. 14 The injection width of a longitudinal layer for the nozzle diameters of (a) 0.4 mm, (b) 0.6 mm,
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Fig. 15 Schematic of temperature gradients of output filaments in three nozzle sizes of (a) 0.4 mm, (b)

0.6 mm, and (c) 0.8 mm
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3.1.6 Effect of bed temperature

In order to investigate the effect of bed temperature on the bending deformation of printed specimens,
the bed temperature was investigated at three levels of 30°C, 60°C, and 80°C. These temperature levels
were chosen to represent different positions (below, close, and above) relative to Tg. The findings
presented in Fig. 16 indicate that the greatest deformation occurs in specimens without wall when the
bed temperature is 30°C. While the lowest deformation is observed at a bed temperature of 80°C.
Generally, increasing the bed temperature leads to a reduction in the stored pre-strain, ultimately resulting
in decreased deformation. Two reasons can be put forth to explain this phenomenon:

e Fig. 17 illustrates the temperature distribution in 3D-printed specimens with varying bed
temperatures. As the temperature increases, the upper layers are exposed to the heat from the bed,
thereby reducing their stored pre-strain.

e Typically, the bed temperature is not elevated when printing structures made from PLA material.
According to Fig. 18, it is evident that increasing the bed temperature significantly decreases the
printing quality of specimens, causing damage to the printed specimens. Consequently, the

printed specimens fail to exhibit satisfactory performance.

Furthermore, the results indicate that the difference in outcomes between specimens printed at bed
temperatures of 30°C and 60°C is approximately 15.64%. This suggests that the bed temperature has
lower impact compared to other printing parameters when transitioning from lower temperatures to

temperatures near Ty.
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Fig. 16 Effect of bed temperature on the amount of bending deformation of strip-shaped specimens
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Fig. 17 Heat transfer gradient from bed temperatures of (a) 30°C, (b) 60°C, and (c) 80°C
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Fig. 18 Effect of bed temperature on the 3D-printed specimens quality with bed temperature (a) 30°C,
(b) 60°C, and (c) 80°C

In the case of specimens with wall, as the temperature of the bed increases from 30°C to 60°C, the
deformation increases and from 60°C to 80°C, the deformation decreases. This phenomenon shows the
influence of the wall on the storage of non-uniform pre-strain in printed specimens.

Tezerjani et al. [42] studied the effect of bed temperature at three levels of 25, 45, and 65°C. Their results
showed that the amount of deformation in printed disk-shaped PLA specimens increases with the
decrease in bed temperature. This finding aligns well with the results obtained from the specimens
without wall in the present study. When comparing specimens with and without wall, it becomes evident
that the impact of bed temperature differs between both wall and no-wall specimens. Therefore, it can be
inferred that the bed temperature may have varying effects on the deformation rate of thermally activated

4D printed specimens under different circumstances.

3.2 Activation time and activation temperature

The results regarding the influence of printing parameters on activation time and activation temperature
are presented in Table 5. Activation time refers to the duration when the printed specimen initiates a
change in shape, while activation temperature indicates the temperature at which this shape change
occurs.

The results presented in Table 5 reveal that specimens with more significant shape changes have lower
activation time and activation temperature, as indicated in sections 3.1.2 to 3.1.6. These findings
demonstrate that increasing the layer thickness and the nozzle temperature and bed temperature lead to
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higher activation time and activation temperature. Conversely, reducing the printing speed and increasing
the nozzle diameter result in achieving the minimum activation time and activation temperature.
Regarding the layer thickness, it is an influential parameter in the formation of voids in FFF 3D printed
specimens [45]. Increasing the layer thickness from 0.1 mm to 0.3 mm can approximately increase the
void density by 97% [46]. The voids create spaces within the specimens, and air occupies these spaces.
With a layer thickness of 0.3 mm, more air covers the increased void density, as higher layer thickness
corresponds to higher void density in the empty space (see Fig. 8). Additionally, air has lower thermal
conductivity compared to the PLA material. Consequently, the heat transfer process becomes more
challenging in specimens with a layer thickness of 0.3 mm, resulting in an increase in the activation time.
Furthermore, when the nozzle diameter increases from 0.4 mm to 0.8 mm while keeping the layer
thickness constant, the number of these voids reduces by half. Therefore, it can be inferred that the
reduction of empty spaces leads to faster activation time and activation temperature.

In general, the results indicate an inverse relationship between activation time and activation temperature
and stored pre-strain. In other words, higher stored pre-strain causes the printed structures to initiate
shape change more rapidly and at a lower temperature.

Table 5 Influence of process parameters on the activation time and temperature

Printing parameters Values Activation time (s) Activation temperature ('C)

0.1 1680 75

Layer thickness (mm) 0.2 1830 80
0.3 1890 82

20 1620 77

Printing speed (mm/s) 40 1600 76
60 1560 74

190 1575 74

Nozzle temperature ('C) 200 1710 77
210 1800 80

0.4 1560 75

Nozzle diameter (mm) 0.6 1545 74
0.8 1530 73

30 1560 74

Bed temperature ('C) 60 1620 76

23



80 1800 84

3.3 Results of Taguchi design of experiment

To design the experiment, the four factors with the greatest effect are selected based on the results
obtained in section 3.1. The purpose of this study is to optimize and evaluate the effect of these
parameters on specimens without wall. Three factors, namely layup, nozzle temperature, and printing
speed at three levels and layer thickness factor at two levels, are chosen for optimization. The factors
consist of the following layups at three levels: P1=[90,/0n], P2=[01/90n], and P3=[02/3n/901/3n]. These
aforementioned layups are the layups that experienced the highest bending deformation in Section 3.1.1
and are referred to as P1=A-3, P2=A-4, and P3=A-6. The layup P3 has more asymmetry effect than the
layups P1 and P2. Meanwhile, 02/3,/901/3n in the layup P3 illustrates that the number of the 0” layers is
two-thirds of the number of all layers. Also, the number of the 90° layers is one-third of the number of
all layers. The nozzle temperature is set at three levels: 190°C, 200°C, and 210°C, while the printing speed
varies between three levels: 20 mm/s, 40 mm/s, and 60 mm/s. The layer thickness is selected at two
levels: 0.1 mm and 0.2 mm. The constant parameters include a nozzle diameter of 0.4 mm, a bed
temperature of 30°C, and an infill density of 100%. The absolute values of results of the Taguchi design

of experiment, conducted with a minimum of three similar repetitions, are presented in Table 6.

Table 6 Taguchi test design table and the absolute value of the obtained results

) Layer thickness Nozzle temperature Printing speed
Specimen Layup . Result £ SDV
(mm) (C) (mm/s)

1 0.1 P1 190 20 3224 +2.11
2 0.1 P1 200 40 18.49 £ 2.61
3 0.1 P1 210 60 13.52 £0.99
4 0.1 P2 190 20 61.33+3.33
5 0.1 P2 200 40 96.14 + 3.35
6 0.1 P2 210 60 9457 +4.14
7 0.1 P3 190 40 88.21+2.74
8 0.1 P3 200 60 92.65 + 2.58
9 0.1 P3 210 20 14.62 £ 0.88
10 0.2 P1 190 60 6.45+0.80
11 0.2 P1 200 20 2.34 £0.40
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12
13
14
15
16
17
18

0.2
0.2
0.2
0.2
0.2
0.2
0.2

P1
P2
P2
P2
P3
P3
P3

210
190
200
210
190
200
210

40
40
60
20
60
20
40

2.05+0.40
1533 +1.38
8.64 +1.18
3.21+041
25.12 +2.04
4.26 + 0.26
3.81+0.26

The obtained results are optimized to maximize the deformation at the selected levels using the "larger

is better” criterion. The diagrams of the main effects on the percentage of bending deformation and

signal-to-noise ratio (S/N) are illustrated in Fig. 19. The results presented in Fig. 19a and b exhibit a

similar pattern to the findings described in section 3.1, supporting the consistency of their behavioral

outcomes as explained in that section. Additionally, the S/N ratio diagram, obtained through the

repetitions of the Taguchi method, was utilized to analyze the results. As indicated in Fig. 19b, the

parameters of layer thickness, layup, nozzle temperature, and printing speed had significant effects on
the selected surfaces, with differences of 54.32%, 35.57%, 34.35%, and 27.41%, respectively.
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Fig. 19 The diagrams (a) the main effects on the percentage change in bending shape and (b) the

signal-to-noise ratio (S/N)

Furthermore, in the S/N ratio diagram, the points located at the highest levels of each factor represent the
best performance for that particular factor. The sum of the best performances of each factor illustrates
the optimal state.

Taguchi design of experiment exhibits that the optimal conditions for the parameters of layer thickness,
layup, nozzle temperature, and printing speed are 0.1 mm, P2, 190°C, and 60 mm/s, respectively. The
Taguchi method is known for its ability to identify the best levels of factors and their effect, allowing for

relatively accurate predictions of the optimal state. In this case, the Taguchi design predicted a bending
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deformation value of 98.28% for the optimal state. Since the optimal state was not included in the states
of Table 5, it was necessary to print specimens in order to verify the accuracy of the predicted optimal
state. The deformation of the printed specimens in the optimal state was measured to be 100%, which
was only 1.72% different from the predicted value by Taguchi. This level of difference is considered

highly acceptable. Fig. 20 shows printed specimen with the proposed optimal parameters.

Fig. 20 The final bending deformation of optimized specimen via Taguchi method

4 Conclusion and future work

4D printing combines time with 3D printing and can turn a basic structure into an intelligent one using
stimuli like heat, PH, and humidity. In engineering, material choice is important, but so is the construction
process and parameters. Controlling bending, activation time, and temperature are key in managing 4D
printed structures. These factors are essential to ensure the desired functionality and behavior of the
printed structures. Consequently, an extensive investigation was conducted to examine the impact of
various printing parameters on shape-morphing PLA specimens produced through FFF 3D printing. The
parameters under scrutiny included layup, layer thickness, printing speed, nozzle temperature, bed
temperature, nozzle diameter, wall printing effect, and speed non-uniformity. The study employed OFAT
method and examined two sets of specimens, one without wall and another with wall.

The results revealed that the asymmetric layups exhibited significantly greater deformations compared
to the symmetrical layups. Regarding the layer thickness parameter, increasing the thickness resulted in
a considerable reduction in the deformation due to reduced flexibility and slower cooling, leading to a
decrease in stored pre-strain. The printing speed parameter had a significant effect on the bending
deformation for both specimens. By declining the printing speed from 60 to 20 mm/s, the bending
deformation was reduced. This effect was observed in both wall and no-wall specimens. Additionally,
higher temperatures were found to decrease stored pre-strain, consequently reducing deformation. For

the specimen with wall, the bed temperature parameter demonstrated that the wall could cause a non-
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uniform distribution of stored pre-strain. Regarding the nozzle diameter, deformations increased with
nozzle diameter for specimens without wall, while the opposite trend was observed for specimens with
wall. The study indicated that wall printing acted as a frame, preventing shape changes. Furthermore, the
study findings revealed that an increase in stored pre-strain resulted in shorter activation times and lower
activation temperatures for the printed structure. Eventually, the effective parameters were identified
using the OFAT method, and a Taguchi design of experiment was employed to attain the optimal levels
for each factor. The results demonstrated that the prediction of the optimal state via Taguchi method had
a difference of less than 2% in comparison to the actual value.

Considering the numerous printing parameters that can influence the amount of bending deformation, it
is crucial to select these parameters carefully to achieve the desired deformation. This careful selection
ensures the avoidance of material and time wastage. As a result, future studies can concentrate on

predicting the behavior of bending deformation and conducting numerical analyses.
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