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Shape memory polymers (SMPs) are active materials with 
growing potential for use in aerospace applications, 
including as actuators for deployable structures and roll out 
solar arrays. SMPs change shape in response to external 
stimuli, such as heat, and retain their deformed shape after 
removal of the stimuli. Unfortunately, SMPs tend to be 
single-use materials due to the nature of the shape change. 
Therefore, there exists an abundance of unutilized SMP 
waste, which demands a reevaluation of the material 
infrastructures currently in place. In-situ resource utilization 
(ISRU) and recycling promote the use and integration of 
sustainable material infrastructures on earth and throughout 
long-duration space missions. Mechanical recycling is the 
most viable alternative material processing system to 
establish SMPs as a multi-use material. However, material 
degradation is inevitable with recycling. Therefore, it is 
imperative that material properties of recycled SMPs be 
quantified. In this study, we investigate the effects of 
recycling on the thermomechanical properties and shape 
memory performance of SMP sheets. As a result, recycled 
SMPs are viable throughout six extrusions and support the 
concept of highly functional, recycled SMPS to promote 
sustainable aerospace practices and applications. 

 
The sustainably sourced shape memory polymers utilized in 
this study were discarded polystyrene CD cases. Polystyrene 
is a low-cost and highly accessibly SMP, so it is commonly 
used in the production of plastic products, including CD 
cases. Then, we implemented a laboratory-scale mechanical 
recycling process to recycle the polystyrene CD cases. First, 
the material was mechanically broken down by hand. The 
polymer pieces were then fed into a single-screw Filabot 
EX2 Filament Extruder. The extruder breaks down and melts 
the material into a continuous profile. This process produced 
a polymer resin that was then spiraled by hand. The polymer 
resin spiral was then processed through compression 
molding in a Wabash Genesis Hydraulic Press. Then, the 
material was removed from the plates and inspected for 
imperfections, namely air bubbles and shearing. After 
pressing into flat sheets, samples for characterization were 
cut from the material. After evaluating the recycled material, 
the sample was returned to the bulk recycled material, which 
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was then mechanically broken down again and the recycling 
process, as seen in Figure 1, was repeated as necessary. This 
process was used to produce material samples ranging from 
zero to six extrusions. Recycled SMPs were characterized in 
a TA Instruments HR-20 Hybrid Rheometer/Dynamic 
Mechanical Analysis (DMA). Samples were subjected to 

temperature sweep tests and shape recovery tests. The shape 
recovery tests required an initial pre-strain sequence using 
the thin film fixture in the DMA. Then, samples were 
subjected to constrained recovery or free recovery tests 
described below. 

 
Samples ranging from zero to six extrusions were produced 
using the in-house, mechanical recycling process and 
compared for signs of physical degradation. Figure 2 shows 
changes to the physical appearance of the samples. 

Figure 1. Polymer Recycling Process applied to SMP. 

Figure 2. Untested DMA Samples of Recycled Polystyrene. 
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Degradation resulting from recycling is increasingly obvious 
when working with a transparent and colorless material like 
polystyrene[1, 2]. In fact, physical degradation was the most 
obvious sign of degradation for the up to six times recycled 
SMPs. With each successive extrusion, the material became 
increasingly cloudy and yellow. These changes in the 
appearance of the material signify a breakdown at the atomic 
level. 
 
Viscoelastic master curves obtained from DMA results were 
compared for samples ranging from zero to six extrusions; 
representative results are shown in Figure 3. This figure has 
been annotated to show a variety or parameters which will be 
compared for each dataset. In the results, the storage modulus, 
loss modulus, and phase angle agree with expected trends[3, 4]. 
When analyzing the viscoelastic master curves, changes in the 
tan(δ) curve were observed specifically as this property is a 
ratio of the loss and storage moduli. Therefore, changes to 
both properties are accounted for in this singular analysis. 
These results indicate that there is no clear trend to the way 
the recycled SMPs are degrading. Therefore, degradation is 
minimal and does not prevent recycled SMPs from 
functioning properly in aerospace applications. 

 
Shape recovery tests were developed to determine the extent 
to which the material retains its shape memory properties after 
recycling. Herein, we considered free recovery and 
constrained recovery tests, the extremes of possible use cases. 
Free recovery tests use zero load conditions after pre-straining 
to provide a measure of the maximum shape recovery[5]. 
Through the developed testing procedure, the SMP samples 
were subjected to a pre-straining conditioning process so that 
shape recovery behavior could occur. The material was then 
allowed to recover fully within the tension test fixture of the 
running test. The representative results, shown in Figure 4, 
illustrate the gap during shape recovery when subjected to 
zero axial force. By observing the changes that occurred from 
the free recovery results for zero to six extrusions, it is evident 
that recycling had a negligible effect on the free recovery 
behavior. Therefore, the material can still perform predictably 

and efficiently as a SMP. Constrained recovery tests restrict 
the shape memory property of the material by holding the gap 
of the fixture constant. This information reveals the 
effectiveness of the shape recovery of the material when 
subjected to a constant gap[6]. Observing the results of these 
DMA tests, as represented in Figure 5, the most significant 
change in recovery stress occurs after the first recycling but 
there is minimal variation for subsequent recycling sequences. 
The minimal changes to the axial force occur in no particular 
pattern. Therefore, it can be assumed that the ability of the 
material to recover is minimally degraded by recycling as 
revealed through constrained recovery testing. 

 
In this paper, we investigated the effects of recycling on the 
thermomechanical properties and shape memory performance 
of SMP sheets. We implemented a desktop recycling process 
to extrude recycled polystyrene and produce uniform sheets. 
Degradation as a result of mechanical recycling was assessed 
through DMA. It was demonstrated that recycled SMPs are 
viable for aerospace applications for up to six extrusions as 
resulting degradation is minimal, occurring most obviously in 
the physical appearance. Due to the minimal changes in 
material properties, it is concluded that degradation of 
recycled SMPs does not significantly impact material 
performance. Therefore, recycled SMPs are viable for long-
duration space missions throughout the six tested extrusions. 

Figure 3. Representative Viscoelastic Master Curve for Once 
Extruded Polystyrene. 

Figure 4. Free Recovery of Zero to Six Times Extruded 
Polystyrene. 

Figure 5. Constrained Recovery of Zero to Six Times Extruded 
Polystyrene. 
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