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Abstract: Multi-material products are required in fused deposition modelling (FDM) to meet a de-
sired specification such as a rigid structure with soft material for impact protection. This paper fo-
cuses on the thermoformability and shape recovery characteristics of three-dimensional (3D)-
printed multi-material specimens under different thermoforming temperatures. The multi-material 
specimens consist of polylactic acid (PLA) and thermoplastic polyurethane (TPU). The PLA/TPU 
specimens were prepared by depositing the TPU component on top of the PLA component using a 
fused deposition modelling (FDM) machine. Simple thermoforming tests were proposed, where the 
specimens were bent under load and molded into a circular shape at different thermoforming tem-
peratures. The bent specimens were then reheated at 60 °C to evaluate their shape memory ability. 
The test results were quantified into apparent bending modulus and shape recovery percentage. 
The PLA/TPU specimens showed a better apparent bending modulus of 143 MPa than a PLA spec-
imen at a temperature between 60 °C to 90 °C. However, only the PLA/TPU specimens being ther-
moformed into a circular shape at 100 °C or greater showed good shape retention accuracy and 
interfacial surface bonding. The PLA/TPU specimens that were thermoformed at 60 °C to 90 °C 
showed reasonable shape memory of about 60% recovery when reheated. Finally, suitable ther-
moforming temperatures for thermoforming PLA/TPU specimens were suggested based on design 
needs. 
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1. Introduction 
Fused deposition modelling (FDM) is commonly used for rapid prototyping. This 

method is based on the extrusion of molten filament as the material which is being dis-
pensed layer by layer through a heated nozzle according to a sliced model [1,2]. Although 
the product produced by this method is rigid and accurate, the deposition process time is 
long to create a three-dimensional (3D) object [3]. In order to minimize the time consump-
tion for creating a 3D object using the FDM process, various techniques have been studied, 
including creation of 3D objects via post-deposition shape modification of a flattened ob-
ject via the thermoforming method [4]. 

In the FDM-thermoforming method, the intended model is printed as a flat-shaped 
object and reshaped into the desired product with the application of heat and pressure 
[5]. The most common material used for the FDM-thermoforming process is polylactic 
acid plastic (PLA). This is due to its material properties that allow it to be easily deformed 
at low temperatures [6]. PLA is made from recyclable natural raw materials and is known 
for its biodegradability and biocompatibility to the human body [7]. As a thermoplastic, 
it can be reshaped when heated several times without losing its mechanical properties. 
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This thermoforming method has been experimented on to produce a complicated object 
without consuming much fabrication time, such as prosthetic hands with various sizes 
and shapes [8–10]. It greatly improved the accuracy and fabrication time of the final prod-
uct to fit directly to the necessary shape. In a recent study by Choi et al., they concluded 
that a 3D-printed hand splint, which had undergone thermoforming, fit more accurately 
to the user’s hand as compared with those printed directly based on 3D scanning data due 
to muscle movement during the scanning process [11]. The splint, made of PLA, is rigid 
and may result in discomfort when being worn for a long duration. In order to improve 
the comfort and functionality of the 3D-printed and thermoformed products, utilization 
of soft material such as thermoplastic polyurethane (TPU) combined onto the rigid PLA 
material is desired. TPU is a flexible and elastic type of material that possesses rubber-like 
elasticity, resilience, and durability. It is desirable in the applications that require impact 
absorption and a soft-touch surface. The adhesion of the PLA/TPU material should be 
maintained after the thermoforming process to render the usefulness of the printed prod-
uct. For this purpose, this paper focuses on direct printing of different materials into a 
layered structure, although the PLA/TPU multi-material polymers via FDM can also be 
formed through two other methods: utilization of pre-mixed filament blends of polymers 
with different proportions, and application of pre-mixed composite filaments consisting 
of a polymer matrix with the inclusion of filler [12–16]. 

The challenge of FDM direct-printed multi-material parts is their adhesion. Several 
researchers investigated the printing parameters on adhesion and properties of multi-ma-
terial 3D printing for the multi-material structure made with a combination of PLA and 
TPU [13,17,18]. Brancewicz-Steinmetz et al. found that proper printing parameters and 
TPU on PLA print sequences result in better adhesion between materials [17]. Kepenekci 
and Zhang proposed implementation of a mechanical lock mechanism and bio-inspired 
arrangement of the structure to improve the adhesion between the printed PLA/TPU in-
terface, respectively [18,19]. The combination of rigid PLA and soft TPU material provides 
load absorption while limiting cracks [17]. These studies supported the possibility of com-
bining PLA/TPU materials via the FDM process to achieve a desirable mechanical charac-
teristic of prints. Studies that investigated bonding in multi-material additive manufac-
turing are mainly based on tensile tests [15,19]. However, the characteristics of the 
PLA/TPU structure fabricated using the additive process of FDM after a thermoforming 
post-process are not well understood, and thus hinders its potential in additive manufac-
turing. 

On the other hand, Dogan et al. and Razzaq et al. reported that the PLA/TPU polymer 
has shown a shape memory behavior [12,16]. Dogan et al. investigated the shape memory 
properties of the printed specimen by tensile tests [16]. An et al. and Kačergis et al. re-
ported that the printing speed of PLA has considerable influence, as the structures printed 
with higher speeds bend more during the shape memory activation by using heat, and a 
significant increase can be seen at the 80 mm/s print speed [20,21]. While the layer thick-
ness contributes to the printing time consumption, there is no clear effect of the layer 
thickness on mechanical properties of PLA specimens [22]. 

Material selection for thermoforming is carried out based on basic mechanical tests 
such the flexural stiffness test ASTM D790, tensile strength test ASTM D638, and heat 
deflection temperature test ASTM D648 [23]. However, there is no known standard that 
directly tests the thermoformability and shape memory characteristics of a multi-material 
plastic. For more accurate data, product testing on a finished and fully assembled speci-
men are usually conducted. Test setups in the literature were set based on the character-
istics of the product of their interest. This has been evidenced by different test methods by 
various researchers [4,24–27]. Ekşi̇ investigated the thermoforming of a 3D-printed part 
by evaluating the shape accuracy of the product being thermoformed into a mold [24]. 
Mustakangas et al. studied the thermoformability of 3D-printed PLA specimens by press-
ing them into an arch shape under a fixed temperature of 100 °C [4]. These methods were 
limited to a single-material product and are not suitable to evaluate the adhesion between 
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the multi-material part. Wang et al. prepared laminate structures of PLA/TPU and evalu-
ated their shape memory performance using the unfolding angle of a bent specimen [27]. 
Li et al. proposed recovery experiments derived from a three-point bending test to study 
the bending shape recovery of a shape memory polymer composite at a fixed temperature 
[28]. The effect of thermoforming temperature on shape memory was not investigated. 
Simple thermoforming and shape memory tests for the thermoformed multi-material 
structure using an inexpensive apparatus are necessary to enable more researchers and 
3D printing hobbyists to easily assess and compare their products. 

This paper focuses on the thermoformability and shape recovery characteristics of 
three-dimensional (3D)-printed PLA/TPU specimens under different thermoforming tem-
peratures. Three simple experiments are introduced. Bending and circular shape molding 
tests are performed at different thermoforming temperatures. The shape memory ability 
is tested by reheating the deformed specimens. Finally, suitable temperatures for ther-
moforming PLA/TPU specimens are suggested to obtain high thermoformed shape accu-
racy and to avoid layer delamination. 

2. Preparation of PLA/TPU Specimen 
Figure 1 shows the 100 mm × 25 mm × 4 mm specimen models, which was con-

structed with computer-aided design (CAD) software. The PLA/TPU specimens were pre-
pared using an Ultimaker 2+ 3D FDM machine by depositing a 2 mm thick TPU compo-
nent on top of a 2 mm thick PLA component. The 3D printing filaments used for this study 
were commercial grade of PLA and TPU by Ultimaker. The material properties of the fil-
aments were summarized in Table 1 [29,30]. 

The FDM deposition path was generated with a slicer software Cura 4.12 based on 
the FDM printing parameters, as shown in Table 2. The printing sequence was selected 
because TPU has a lower viscosity than PLA. Material with lower viscosity can easily in-
filtrate void spaces on the uneven surface of a higher-viscosity material, providing an ad-
ditional contact area to improve the surface bonding strength between the two materials 
[31]. The printing parameters vary according to type of material, as they affect the quality 
of the print and adhesion. The printing speeds for the PLA and TPU layers were set dif-
ferently according to the printing speed limit by the 3D printer and settings used by other 
researchers [10,17,18,32]. For this paper, the specimen was printed by considering the sim-
plicity of the shape, dimension accuracy, and adhesion between materials of the specimen 
at speeds of 70 mm/s and 30 mm/s for PLA and TPU, respectively. The same printing 
speed settings for PLA and TPU as in Table 2 were applied by Brancewicz-Steinmetz et 
al. in their work to study the PLA/TPU multi-material interlayer bonding [17]. The build 
bed temperature was maintained at 60 °C throughout the FDM process of PLA and TPU 
based on the recommended bed temperature for PLA because it was meant to maintain 
adhesion between PLA and the build bed [32]. A PLA/PLA specimen, shown in Figure 1c, 
was prepared as the control specimen by printing a 2 mm PLA layer on top of a 2 mm 
PLA layer. 
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(a) (c) 

Figure 1. Specimen models. (a) FDM process of specimen; (b) dimension of PLA/TPU specimen; (c) 
dimension of PLA/PLA control specimen. 

Table 1. Mechanical properties of PLA and TPU filament [29,30]. 

Properties PLA TPU 
Diameter (mm) 2.85 ± 0.10 2.85 ± 0.10 

Tensile modulus (MPa) 2346.5 26.0 
Tensile stress at yield (MPa) 49.5 8.6 
Tensile stress at break (MPa) 45.6 39.0 

Elongation at yield (%) 3.3 55.0 
Elongation at break (%) 5.2 580.0 
Flexural strength (MPa) 103.0 4.3 
Flexural modulus (MPa) 3150.0 78.7 

Melt mass-flow rate (g/10 min) 6.1 15.9 
Glass transition (°C) ~60.0 −24.0 

Heat deflection at 0.455 MPa (°C) - 74.0 

Table 2. FDM printing parameters for different components [10,17,18]. 

Printing Parameter PLA Component TPU Component 
Layer height (mm) 0.15 0.15 

Nozzle diameter (mm) 0.4 0.4 
Infill (%) 90 90 

Wall count 3 3 
Top/Bottom layers 3 3 

Nozzle temperature (°C) 210 220 
Build bed temperature (°C) 60 60 * 

Printing speed (mm/s) 70 30 
* Set based on recommended temperature for PLA to maintain adhesion of PLA to build bed. 

3. Experimental Methods 
3.1. Thermoforming Test by Bending 

From the literature, no known standard was found to directly test the thermoforma-
bility characteristics of a multi-material layered plastic. In most cases, specific test meth-
ods such as bending and molding were set to address the needs of the products 
[4,24,27,28]. In order to evaluate the ease of the multi-material specimen to change shape 
under load and the thermoforming temperature for the purpose of this paper, a simple 
cantilever bending experiment was proposed. Specimens prepared in Section 2 complied 
with the ASTM D747-2 standard test method for the apparent bending modulus of plastics 
by means of a cantilever beam [33]. This standard was suited for determining relative 
flexibility of materials that are too flexible for test method ASTM D790. For this 
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thermoforming test by bending, the PLA/TPU specimen was clamped horizontally as a 
cantilever with a 5 N load attached at the other end, as shown in Figure 2. This setup was 
proposed to simulate the typical thermoforming when the load is exerted at the end of the 
specimen to bend the specimen at the clamp point. The setup was then heated at a ther-
moforming temperature of 60 °C inside an electric oven for 5 min. Vise and weighting 
system were not used according to the ASTM D747-2 due to limited space in the electric 
oven. The specimen was removed from the oven and cooled at room temperature. The 
weight was then removed. The vertical displacement of the tip of the specimen at point 
A, df, was measured, as shown in Figure 2b. The thermoforming test by bending was re-
peated with different thermoforming temperatures, Tf, of 70 °C, 80 °C, 90 °C, 100 °C, and 
110 °C. Tests for all conditions were repeated three times to obtain the averaged values of 
vertical displacement. With the same test procedure, a PLA/PLA control specimen was 
heated at 60 °C. The vertical displacement of the specimen was recorded and compared 
with those of PLA/TPU specimens. 

 
 

(a) (b) 

Figure 2. Bending test setup. (a) Specimen clamping and location of load; (b) measurement of ver-
tical displacement of point A. 

In order to quantify the bending under different thermoforming temperatures, the 
apparent bending modulus (E) was approximated by Equation (1) based on the cantilever 
beam theory in ASTM D747-2 [33]: 

E = 4 M S/(w b3 φ), (1) 

where M is actual bending moment, S is the span length of the specimen, w is width of 
the specimen, b is the depth of the specimen, and φ is the bend angle measured in radians. 

3.2. Thermoforming Test by Molding 
In the literature, the ends of male parts made of single material were pressed against 

a designer mold and their thermoformed shapes were discussed in molding tests [4,24]. 
This method was not suitable to evaluate the adhesion between the multi-material part, 
as it was designed for a single-material part. A thermoforming test by molding was pro-
posed to investigate the interfacial surface bonding between PLA and TPU when being 
thermoformed to a circular shape at different temperatures. The PLA/TPU specimen was 
placed into temperature-controlled water for 5 min. The water was heated with an induc-
tion heater and its temperature was controlled at the desired thermoforming temperature 
with the heater’s built-in electronic controller. A digital thermometer was also used to 
ensure the water temperature was uniformly and correctly controlled. In this experiment, 
a similar specimen heating setup for a 3D-printed layered PLA/TPU shape memory ex-
periment was adopted from Hasanzadeh et al. [25]. The specimen was then pressed into 
the clamp with a 44 mm diameter PVC cylinder, as shown in Figure 3a. The molding pro-
cess was similar to the common three-point bending test for adhesion measurement. The 
TPU component, which is known to be more elastic than the PLA component, was as-
signed as the outer shell of the bending curve and subjected to tensile stress. It resulted in 
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an opposite direction of the surface adhesion against the PLA component and possible 
delamination. 

The clamp screws were tightened slowly until the PLA/TPU specimen and the PVC 
cylinder’s surface were fully in contact, as illustrated in Figure 3b. In order to maintain 
the thermoforming temperature, the specimen was kept fully submerged inside the 
heated water during the pressing and clamping process. Once finished, the specimen was 
cooled to room temperature before the clamp was removed. The shape thermoforming 
accuracy was determined by comparing the thermoformed specimen with the PVC cylin-
der used as a pattern in the molding process. Any delamination that occurred due to weak 
interfacial surface adhesion propagated along the interface and resulted in a gap, as 
shown in Figure 3c, to be visible and measured. The specimen tests were performed with 
different thermoforming temperatures, Tf, of 60 °C, 70 °C, 80 °C, 90 °C, and 100 °C. 

   
(a) (b) (c) 

Figure 3. Thermoforming test by molding setup. (a) Molding of PLA/TPU specimen while sub-
merged in heated water; (b) thermoformed specimen is secured with clamp and cooled at room 
temperature; (c) possible delamination along the interfacial surface of PLA/TPU specimen. 

3.3. Shape Memory Test 
A shape memory test was carried out to investigate the ability of the deformed 

PLA/TPU specimens to return to their initial printed shape after being thermoformed at 
different temperatures. It is known that PLA and TPU alone possess some shape memory 
capacity. Various methods were presented by researchers, such as in [27,28]. However, 
there is no standard test to evaluate the shape memory ability of a thermoformed speci-
men or the size of the test specimen known to the author at this moment. Therefore, a 
shape memory test based on previous cantilever bending setup was applied in this paper. 
The specimens, which were bent in the previous bending, were heated for 5 min at a reheat 
temperature (Tr) of 60 °C. This temperature is just above the PLA glass transition temper-
ature and below the TPU heat deflection temperature. This temperature was used in a 
previous study by Jing et al. to investigate the shape memory of PLA/TPU [34]. The new 
vertical deformation of the specimens, dr, as shown in Figure 4, were measured. This test 
procedure was also conducted for the bent PLA control. The shape recovery percentage 
(SR) was determined by Equation (2) [28]: 

SR = (df − dr)/df × 100%, (2) 

where df and dr are illustrated in Figure 4 as the vertical displacement of point A from 
position A to position B and the vertical displacement of point A from position A to posi-
tion C, respectively. Tests for all conditions were repeated three times to ensure the re-
peatability of shape recovery of vertical displacement. 
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Figure 4. Shape recovery measurement of bent PLA/TPU specimen. 

4. Results and Discussion 
4.1. Influence of Thermoforming Temperature on Bending 

Bending experiments were conducted to evaluate the ease of the multi-material spec-
imen to change shape under load for different thermoforming temperatures, as shown in 
Figure 5. During the bending in an elevated temperature environment, the PLA/TPU can-
tilever specimens were observed to start deflecting downward when the temperature had 
reached near or above 60 °C. The deflection during the bending test became larger as the 
thermoforming temperature, Tf, was increased, as recorded in Table 3. Each test condition 
was repeated three times. The results were consistent for all three repetitions, with the 
highest standard deviation of only 1.65 mm. The increment of deflections corresponded 
to the enlargement of the bend angle. The bend angles were applied in Equation (1) to 
approximate the apparent bending modulus, as shown in Figure 6. 

 
Figure 5. Comparison of PLA/TPU and PLA control specimens bent at different thermoforming 
temperatures: (a) Tf = 60 °C; (b) Tf = 70 °C; (c) Tf = 80 °C; (d) Tf = 90 °C; (e) Tf = 100 °C; (f) Tf = 110 °C; 
(g) PLA/PLA control specimen, Tf = 60 °C. 

Table 3. Averaged vertical displacement of specimens under bending test. 

Tf (°C) 60 70 80 90 100 110 

df (mm) 
PLA/TPU 32.61 ± 1.21 35.06 ± 1.65 51.23 ± 0.95 54.88 ± 1.04 60.94 ± 1.07 61.93 ± 0.56 
PLA/PLA 61.10 ± 0.87 - - - - - 

 
Figure 6. Apparent bending modulus for PLA/TPU specimens at different thermoforming temper-
atures and PLA/PLA control specimen at Tf = 60 °C. 



Polymers 2022, 14, 4304 8 of 14 
 

 

For the temperatures of 60 °C and 70 °C, the thermoformed displacements and bend 
angle of the PLA/TPU specimen were almost identical. This temperature range is between 
the glass transition temperature (Tg,pla) of PLA and the heat deflection temperature of TPU. 
Heat deflection temperature refers to the temperature at which a polymer deforms a spec-
ified distance under a load. A neat PLA has its heat deflection temperature at approxi-
mately 55 °C [35]. The PLA component loses its stiffness at temperatures above its glass 
transition temperature [36]. This was evidenced by the apparent bending modulus esti-
mated at about 143 MPa. It is almost double the flexural modulus of TPU at 78.7 MPa, but 
less than 5% of the flexural modulus of PLA, as shown in Table 1 [29,30]. This results in 
softening of the PLA component, but it was supported by the TPU component of the spec-
imen. At these lower thermoforming temperatures, the TPU was not deformed plastically 
as the PLA was. The elasticity of the TPU component countered the bending force and 
resisted the deflection. Furthermore, the TPU component was responsible for returning 
the deflection slightly when the bending load was removed. As the PLA component pos-
sessed a small degree of flexibility, it allowed the bonded TPU component to pull it back 
during the cooling process. This reduced the deformation inflicted by the thermoforming 
process. The modulus of PLA/TPU being higher than the flexural modulus of TPU can be 
attributed to the formation of a link between PLA and TPU at the interface. The cross-
linking of polymer chains between PLA and TPU at the interface prevents the sliding of 
polymer chains and delays the glassy state transition to the rubbery state, thus improving 
its modulus [37]. 

The PLA component of the specimens, which was constantly being heated during 
printing, may undergo an annealing process due to re-crystallization of PLA. However, 
the effect of annealing for the PLA component due to bed heating during printing can be 
neglected because the exposure time is short. During the preparation of the specimen, 
precaution was taken such that only one specimen was printed at a time to maintain con-
sistency of the print. The printing time of a specimen was less than 10 min. A neat PLA 
requires 20 to 40 min reach half-crystallization [38]. This finding is consistent with the 
results of the heat deflection temperature of PLA to remain at approximately 55 °C to 60 
°C for the mold temperature of 60 °C [38]. This further supports the fact that the PLA 
component started to soften when the Tf was greater than its Tg,pla. 

The specimens were significantly deformed once the thermoforming temperatures 
were at 80 °C or higher. The TPU was no longer able to provide support because the TPU 
had been heated over its heat deflection temperature and lost its strength temporarily. The 
estimated apparent bending modulus for PLA/TPU specimens declined from 64.3 MPa at 
80 °C to 27.6 MPa at 110 °C. These apparent bending moduli were lower than the flexural 
modulus of TPU. The drastic decline at 80 °C was because TPU started to lose its elasticity 
when heated over its heat deflection temperature. All the PLA/TPU specimens remained 
bonded through the tests. As the bend angle reached almost 90º, the deformation became 
constant at Tf = 100 °C and Tf = 110 °C due to the fact that it reached its limitation of the 
downward load. 

As a comparison, the PLA/PLA control specimen was found to be bent to the maxi-
mum when a thermoforming temperature of 60 °C was applied. The control specimen 
retained its thermoformed shape even after the weight was removed, similar to those 
PLA/TPU specimens at the thermoforming temperature of 100 °C and above. The appar-
ent bending modulus was much lower, at 28.2 MPa, compared to the PLA/TPU specimens 
of similar thermoforming temperatures. This clearly exhibited the role of the TPU compo-
nent in preserving the bending strength of the PLA/TPU specimen at those thermoform-
ing temperatures. 

4.2. Influence of Thermoforming Temperature on Molding 
Figure 7 shows the multi-material specimens that were molded at different ther-

moforming temperatures and cooled at room temperature. It shows the shape of the spec-
imens being released from the clamp and PVC pipe. The adhesion and shape retention 
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accuracy after molding are observed and discussed. Figure 7a–d reveals that the adhesion 
at the interfacial surface of the PLA/TPU specimens failed during the molding at ther-
moforming temperatures between 60 °C and 90 °C. The delaminations between the TPU 
components from PLA components were observed immediately once the clamps were 
removed after the cooling process. This indicated that the delamination might have oc-
curred during the molding or cooling process. During the molding process into circular 
shape, maximum shear occurred along the interfacial surface between the PLA and TPU 
components due to reactions that acted in the opposite directions. This was in line with 
the theory of mechanics of material related to a three-point bending of a beam such that 
the maximum shear stress, τmax, occurred at the neutral axis. After the cooling process, the 
TPU component restored most of its elastic properties. The elastic force of the TPU com-
ponent increased as it was stretched farther along the PVC circular shape during the ther-
moforming test by molding. When being released from the mold, the TPU component 
tended to return to its original shape, while the thermoformed PLA component reacted to 
restrict the action of the TPU component. Due to these strong reactions, the interfacial 
surface bonding between the materials eventually failed and delamination between the 
two layers occurred. 

 
Figure 7. Top views of PLA/TPU specimens thermoformed into circular shape: (a) Tf = 60 °C; (b) Tf 
= 70 °C; (c) Tf = 80 °C; (d) Tf = 90 °C; (e) Tf = 100 °C; (f) shape accuracy of thermoformed specimen at 
Tf = 100 °C. 

In the thermoformed specimens at 60 °C, clean delamination was observed, as shown 
in Figure 7a. This indicated that complete delamination occurred at the interfacial surface 
of PLA/TPU. The shape of the PLA component, which was not exact to the circular shape 
of the PVC pipe, revealed that the PLA component still retained certain elasticity during 
the thermoforming process. This elasticity was supported by the finding in the bending 
experiment. Similar clean separation between PLA and TPU was observed during shear 
and tensile tests investigated by Brancewicz-Steinmetz et al. [17] and Tamburrino et al. 
[39], respectively. In their studies, the adhesion between the PLA/TPU interface was con-
cluded as weak because it only sustained a shear strength of 0.26 MPa and tensile stress 
of 0.28–0.44 MPa. This further justified the clean delamination observed for the ther-
moformed specimen at 60 °C. 
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The thermoformed PLA/TPU specimen at a temperature of 70 °C in Figure 7b showed 
the worst delamination propagated along the interfacial surface. The TPU component still 
maintained its elastic properties, as the thermoforming temperature was below the TPU’s 
heat deflection temperature. However, its elastic action was restricted by the ther-
moformed PLA component at 70 °C, making it worse than the PLA/TPU specimen at 60 
°C. The restricting action of the thermoformed PLA component was clearly shown by its 
shape accuracy. The shape accuracy of the thermoformed PLA component for tempera-
tures over 70 °C shown in Figure 7b–e greatly improved and maintained to the circular 
shape of the PVC pipe. Due to the strong elastic action of the TPU component, delamina-
tion happened when it exceeded the adhesion between the interfacial surface. Only a few 
stringy delaminations from the TPU component were observed for specimens being ther-
moformed at 70 °C and 80 °C. This showed that the bonding within the TPU component 
might be weaker near the heat deflection temperature than those between the interfacial 
surface and resulted in delamination within the TPU components. When the thermoform-
ing temperature reached or exceeded the TPU’s heat deflection temperature, the TPU 
components underwent plastic deformation and subsequently lost their elasticity. These 
occurrences were observed with a small delamination for specimens at Tf of 80 °C and 90 
°C. 

No delamination was seen from thermoforming results at Tf = 100 °C. This specimen 
at Tf = 100 °C was perfectly fit to the circular shape of the PVC cylinder and the PLA/TPU 
interfacial surface bonding was intact, as shown in Figure 7f. This indicated that both PLA 
and TPU components fully deformed plastically and were supported by their large bend 
angle seen in the results of the bending tests. The high thermoforming temperature at Tf 
= 100 °C may promote the lamination bond to be re-established during the molding pro-
cess, as it is closer to the hot lamination temperature of 180 °C used by Ji et al. to laminate 
two flat PLA and TPU together [13]. 

In fact, previous study by Rosa et al. concluded that the bonding of the PLA/TPU 
surface is limited and only lasts for few load cycles [40]. Brancewicz-Steinmetz et al. stated 
that the interfacial surface bonding of PLA/TPU is considerably weak and relies mostly 
on the surface roughness of the PLA [17]. These factors further contributed to the delam-
ination of PLA/TPU specimens when thermoforming temperatures are not selected 
properly. 

4.3. Shape Recovery of Thermoformed Specimens 
 A shape recovery test of thermoformed specimens was performed through heat 

stimulus of 60 °C. Figure 8 shows the shape of the thermoformed PLA/TPU specimens 
after being exposed to heat stimulus. All thermoformed specimens showed an ability to 
slightly recover to the previous shape after being heated at Tr = 60 °C. The bend angles of 
the PLA/TPU specimens in Figure 8 were measured. None of the specimens were able to 
fully restore their original shape, as expected. This was because the pre-deformed PLA 
and TPU only recorded a shape recovery percentage of 9% and 87% under a heat stimulus 
of 60 °C, respectively [41]. No delamination was observed for any specimen after shape 
recovery. 

The shape recovery was quantified by comparing the change in bend angle of the 
PLA/TPU specimens before and after being exposed to heat stimulus. The percentages of 
the shape recovery for PLA/TPU specimens that were thermoformed at different temper-
atures were estimated using Equation (2) and are summarized in the bar chart in Figure 
9. A heat stimulus of 60 °C was selected based on the glass transition temperature for PLA 
as the common switching temperature for shape memory polymer [42]. From Figure 9, it 
can be seen that the percentages of the shape recovery for PLA/TPU specimens being ther-
moformed at Tf = 60 °C to 90 °C were estimated to be almost similar in the range of 58.3% 
to 61.6%. The highest shape recovery percentage occurred for specimens being ther-
moformed at Tf = 80 °C. This agrees with findings in the literature. Ehrmann et al. sug-
gested that the recovery temperature should be increased to at least 70 °C to enable a 
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higher recovery rate of 3D-printed PLA structures [43]. The shape recovery rate increment 
was observed when the temperature was increased in the range of 50 °C to 80 °C for the 
80/20 TPU/PLA blend specimen in the stretch shape recovery test conducted by Song et 
al. [44]. Lai et al. reported a lower shape recovery ratio of 32% for their 50/50 PLA/TPU 
melt-blended specimen that was pre-deformed at 80 °C and underwent recovery at 60 °C 
[41]. This can be attributed to the better collective recovery action of the TPU component 
of PLA/TPU specimen in this paper than those in the melt-blended specimen. 

 
Figure 8. Shape after recovery for PLA/TPU specimens and PLA control specimens that had been 
bent at different thermoforming temperatures: (a) Tf = 60 °C; (b) Tf = 70 °C; (c) Tf = 80 °C; (d) Tf = 90 
°C; (e) Tf = 100 °C; (f) Tf = 110 °C; (g) PLA/PLA control specimen at Tf = 60 °C. 

 

Figure 9. The relationships of shape recovery ability of specimens with thermoforming tempera-
tures. 

However, this shape recovery ability rapidly declined for the specimens being ther-
moformed at higher thermoforming temperatures of 100 °C and 110 °C, as shown in Fig-
ure 9. This trend is consistent with the finding by Wu et al., such that the higher defor-
mation temperature results in a lower shape recovery ratio of the PLA specimens [45]. Lai 
et al. reported a significantly low shape recovery ratio of about 8% for their 50/50 
PLA/TPU melt-blended specimen that was pre-deformed at 120 °C and underwent recov-
ery at 60 °C [41]. The shape recovery percentage for the specimen bent at Tf = 110 °C ap-
proached the result of the PLA control specimen. This result showed that the shape 
memory ability of the PLA/TPU specimens was mainly contributed by the elasticity of the 
TPU layer. Once the TPU layer was thermoformed above its heat deflection temperature 
and lost its elasticity, the shape memory ability of the specimens decreased accordingly. 
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5. Conclusions 
Thermoforming of a multi-material PLA/TPU part fabricated using the FDM process 

was investigated and found to be a suitable method for rapid prototyping. This study 
identified the elasticity of the TPU component as the key element in the characteristics of 
the multi-material PLA/TPU thermoforming. These characteristics changed when the 
thermoforming temperature was altered. The following conclusions were drawn from this 
study: 
• Simple thermoforming and shape memory tests were introduced for an FDM-fabri-

cated specimen. From the test results, the characteristics of multi-material specimens 
were quantified using apparent bending modulus and shape recovery percentage. In 
addition, adhesion between the interface and the mold accuracy of the multi-material 
specimen undergoing thermoforming into circular shape can be observed. 

• The PLA/TPU specimens being thermoformed at Tf = 60 °C to 70 °C exhibited a sim-
ilar apparent bending modulus of 143 MPa, which was higher than the TPU’s flexural 
modulus of 78.7 MPa. This was attributed to the bonding of PLA and TPU at the 
interface that prevented sliding of the polymer chain and delayed the glass transition 
to the rubbery state. The apparent bending modulus of PLA/TPU declined drastically 
from 64.3 MPa at Tf = 80 °C to 27.6 MPa at Tf = 110 °C due to weakening of the elas-
ticity of TPU after reaching its heat deflection temperature. 

• The thermoforming test by molding into a circular shape provided insights related 
to adhesion between the interface of PLA/TPU specimens. Adhesion improved as the 
thermoforming temperature increased. This can be attributed to the exposure time 
and heat for the bonding to be formed via re-crystallization. Specimens at Tf = 100 °C 
and Tf = 110 °C showed good shape retention accuracy and interfacial surface bond-
ing after the thermoforming process. 

• PLA/TPU specimens being thermoformed at Tf = 60 °C to 90 °C showed reasonable 
shape recovery with their shape memory percentage in the range of 58.3% to 61.6%. 
The shape memory dropped rapidly below 50% when being thermoformed at Tf 
greater than 100 °C. These findings were consistent with the literature regarding PLA 
and TPU/PLA blend specimens. The test results indicated that shape accuracy and 
the shape memory ability of the thermoformed prints did not coexist. 

• With the knowledge of shape recovery and the molding process by the PLA/TPU 
specimen, the proper thermoforming temperature is suggested to be at 100 °C to 110 
°C for applications where permanent parts are desired. However, when the parts 
should allow slight shape recovery such as in splints and casts for medical purposes, 
a thermoforming temperature of 90 °C to 100 °C is recommended. Parts are suggested 
to be thermoformed at a temperature between 80 °C to 90 °C if the parts are subjected 
to bending load only. These suggested thermoforming temperatures have taken de-
lamination issue and part accuracy into consideration. This enables the faster devel-
opment of products with different rigidity compositions and predetermined shape 
memory abilities. 
The adhesion strength between PLA and TPU printed directly from an FDM process 

remains a major limitation for its potential in thermoforming accuracy and shape recov-
ery. Future studies will focus on the interlayer geometry of the thermoforming process 
and the effects of different compositions of TPU on PLA/TPU thermoforming. 
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