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KEYWORDS ABSTRACT

Recycled shape memory Developing low-cost recycled filaments with desirable mechanical properties is a major challenge
filament, in the additive manufacturing industry. This research investigated the feasibility of producing 3D-
Shape memory polymers, printer filament from recycled high-density polyethylene (HDPE) bottle caps and characterized its
Shape memory properties, shape-memory behavior. Unlike previous studies that neglected the residual stress history from
3D printer, production and spooling, this study demonstrated the inherent error in conventional testing
high-density polyethylene methods by measuring the initial curvature angle and its variation after stress relaxation. The
(HDPE). fabricated 1.75 mm filament was subjected to shape-memory bending tests, and the results were

compared with those of commercial PLA, ABS, and TPU filaments. The recycled filament, with
a shape-recovery ratio of about 80%, behaved similarly to PLA and outperformed ABS.
Furthermore, the necessity of a stress-relaxation step in testing protocols was confirmed by
observing a non-zero initial angle and unwanted shape recovery after stress relaxation in all
samples. The fabricated filament also exhibited a lower density than the other materials, providing
a key competitive advantage. Additionally, economic analysis revealed a significant cost reduction
compared to commercial counterparts. It is concluded that high-value smart materials do not
require expensive resources; recycling bottle caps is presented as an environmentally friendly
solution with high application potential, affordability, and significant added value.

Extended Abstract
1. Introduction

he shape-memory phenomenon was first observed in a gold-cadmium alloy in 1932. However, the term

"shape memory" was first introduced by Vernon in 1941 to describe this unique feature [1. 2]. Shape

memory materials (SMMs) are smart materials that can adjust some of their characteristics, such as
stiffness, color, and shape, in response to various external stimuli (e.g., heat, light, humidity, and magnetic or
electric fields) [3-8]. Shape memory polymers (SMPs) have attracted researchers' interest and have been used in
various biomedical and engineering fields [4. 9]. SMPs can deform to a temporary shape and return to their original
shape in response to an external stimulus, known as the shape-memory effect (SME) [4]. SME is evaluated by the
"shape fixity ratio" (Ry) and "shape recovery ratio" (R,) parameters which respectively represent the material's
ability to remember the programmed shape and recover the permanent shape after stimulation. Higher values for
both parameters indicate a better SME in the material. The "Shape memory ratio" (Rgyg) is calculated by
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multiplying Ry and R, which is more suitable to assess SME [4, 10, 11]. Several methods are utilized to
characterize the SME of polymers [12]. Bending is one of the most common methods in which the sample is bent
to a certain angle Oy, 4, at temperature Th; g, and cooled to Ty;qns While keeping the constraints. By removing the
constraints, the sample transforms to its fixed state, and by heating above Ty; 4y, it recovers to its permanent shape
[13]. 3D-printing filaments can be used as samples for this test [14, 15].

Plastics account for a significant share of municipal waste. High-density polyethylene (HDPE) is one of the
most widely used types of plastic [16]. Its high chemical resistance and durability are the most important reasons
why it should be recycled [16. 17].

Given the increasing importance and wide applications of SMPs, the main objective of this research is to
investigate this behavior in HDPE filaments recycled from bottle caps. First, the feasibility of manufacturing a 3D
printing filament was investigated, and then its SME was characterized. To better understand the SME behaviour
of this material, it was compared with several commercial polymeric filaments.

2. Materials and methods

Some HDPE bottle caps were collected, washed several times with hot water and detergent, dried, sorted by
type and color, and shredded with a single-blade shear shredder. Afterward, they were sieved with a 10 mm mesh
screen. A single-screw extruder with a 3 mm nozzle equipped with a puller was used to manufacture filaments
with a diameter of 1.75+0.1 mm. The manufactured filament had a good surface quality. To evaluate the SME of
the manufactured filament, some commercial filaments (PLA+, ABS+, and TPU HD-95A) were similarly tested.
Pieces of filaments, 10 cm in length, were cut as samples, pairs of points on each arm were utilized to calculate
the angles using GetData Graph Digitizer software (Figure 1).

HDPE PLA+ TPU HD (95A) ABS+

Figure 1. Samples with marked points on them

The experimental method is a modified version of the method proposed by Mehrpouya and Huang [14] to
increase its accuracy. As a novelty of this paper, the samples were initially heated above 135°C (above the effective
transition temperature range of all studied materials) for 5 minutes to remove their residual stress (unwanted
memory). This phenomenon was not considered in the cited studies [14. 15, 18], which causes errors in their
results. Other steps are presented in Figure 2. The start and end temperatures and times associated with each step
are also specified.

1 2 3 4 5 6
e (s e Cool Down Bending Release Recover Cool Down
= Residual Stress) = = y
[0) ) (o) ()
& $ 5 )
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Figure 2. Steps of the shape memory bending test

The angle of the sample after bending (180°), the angle after the sample was released at ambient temperature,
and the angle just after recovery in a hot oven were considered as the maximum angle (6,,,,), the fixation angle
(6fix), and the recovery angle (8, ). The three parameters of Ry, R,., and Ry used in this study are calculated

according to equation (1).
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Ry(%) = =15 x 100
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R, (%) = —=—"“x 100 6]

emax

Rsmp(%) = Ry X R / 100

3. Results and discussion

The results showed that after the initial heating, most filaments (except TPU) approached a more linear state,
indicating a different unwanted memory in the studied filaments. The maximum initial angle in the ABS+ sample
is due to cutting from the inner parts of the filament spool with a smaller radius of curvature. The diameter indicates
a very good accuracy of the fabricated filament compared to commercial filaments. After initial recovery, it is
observed that the smallest diameter changes occurred in the TPU and HDPE filaments, highlighting their
dimensional stability under temperature changes.

Calculated shape memory parameters obtained in this study are presented in Figure 3. TPU had the lowest Ry,
which highlights its weakness in cold programming, while the other materials were in the same higher range.
PLA+ and HDPE showed the highest R,.... TPU had the lowest Rgyr (24%), but the other materials had a similar
range (45-53%). A comparison of these three ratios shows that although the fabricated HDPE filament does not
have the highest Rgyg, its shape memory behavior can compete with commercial materials. The recycled HDPE
filament had the lowest density among the materials studied in this investigation (and even water).
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Figure 3. Shape fixity ratio (Ry), Shape recovery ratio (R,), and Shape memory ratio (Rgyg)

4. Conclusion

In this study, a suitable process for manufacturing recycled HDPE filament from bottle caps was presented.
The importance of the initial angle of the cut filament and residual stress in investigating the shape memory of the
filament was also highlighted. By comparing key parameters, it was observed that the material manufactured in
this study offers significant advantages, including: the lowest initial angle (unwanted memory), lower density than
other materials and water, favorable cold shape memory behavior that is competitive with commercial 3D printing
filaments, and very low total cost. The results showed that recycled HDPE filaments, despite being much lower in
cost than common market samples, offer suitable shape memory properties that can be easily achieved without the
need for complex technologies.
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