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Abstract. In an effort to move towards a more sustainable future, bioplastics are being promoted as sustainable
alternatives to plastics. Nevertheless, the market transition to bioplastics requires the materials to be incorporated into
already existing manufacturing processes with the capability of creating a variety of three-dimensional customized
shapes. Thermoforming is a widely used process in the plastics industry to manufacture a wide range of products of
different sizes. However, thermoforming of several types of bioplastics has received relatively scant research to date.
Therefore, this study examines the feasibility of thermoforming three bioplastics, Polylactic Acid (PLA), Cellulose
Acetate Propionate (CAP), and Bio-Polyethylene Terephthalate (Bio PET). Materials were tested using an industrial
Form-Fill-Seal (FFS) thermoforming line equipped with a custom-designed sheet-forming chamber. Additionally, the
results were compared to a commonly used thermoforming plastic, multilayer polyethylene/polyethylene terephthalate.
The aim is to provide insight into the possibilities of this transition from a perspective of energy efficiency, processing
speed, and possible shape-making, with an assessment of the optimal forming window for materials and a detailed
analysis of the formed products. A further investigation is conducted into factors that may hamper the thermoforming
performance of the materials being investigated. Results indicate that the thermoforming performance and processability
of the studied materials differ clearly; PLA and BioPET yet face limitations in processability considering their properties
and possibilities for their incorporation into existing thermoforming lines, whereas CAP material can compete the
commercial materials on the basis of product shape, production speed, and energy requirements in thermoforming.

1. INTRODUCTION

The transition to a sustainable world requires a reduction in the use of fossil-based materials. Bioplastics, with
their renewable origins, contribute significantly to a reduction in carbon footprint compared to plastics and some
other conventional materials and are seeing considerable interest worldwide [1-2]. However, to expand the
application of bioplastics, it is necessary to examine their feasibility for integrating into existing manufacturing
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processes to produce versatile products [3]. Thermoforming is an established manufacturing process in the plastic
industry for its ability to create a wide range of products cost-effectively. Thermoformability of bioplastics have
been investigated in a few studies thus far, most involving Polylactic Acid [4-6] and green polyethylene [7].

This study aims to examine the thermoforming feasibility of three bioplastics, namely Polylactic Acid, Cellulose
Acetate Propionate, and Bio-Polyethylene Terephthalate using a common-used industrial thermoforming machine.
For this purpose, the forming window of the materials is investigated with the aim of assessing the efficiency of
production energy and speed. Further, the ability of materials to conform shapes is examined to gain an
understanding of the extent to which products can be customized in terms of shape and size using the materials
considered. This study contributes to the development of more efficient sustainable movements in the industrial
sector with respect to the use of bioplastics and serves as a benchmark for further research into both materials and
manufacturing processes.

2. MATERIALS AND METHODS

2.1 Materials

The bioplastics investigated in this study are Polylactic Acid (PLA) Luminy® L175 (Total Corbion Ltd.,
Gorinchem, Netherlands), Cellulose Acetate Propionate (CAP) Cellidor® CP 300-13 (Albis Plastics, Hamburg,
Germany) and Bio-Polyethylene Terephthalate (Bio PET) Eastlon PET CB-602AB (FKuR Kunstoff GmbH, Willich,
Germany). The pellet form bioplastics were prepared to cast films at VIT (Tampere, Finland). APET/EVOH/PE
multilayer plastic AMBAR Rigid 38/6BAS5 TS (AMB Packaging, San Daniele del Friuli, Italy) was used as the
reference commercial material. Table 1 presents the measured properties of materials. Tensile testing was done
according to standards SFS-EN ISO 527-1 and SFS-EN ISO 527-3. The testing device utilized was the Instron 4505
universal material tester (Instron Corp. Norwood, Massachusetts, USA) with an Instron 2665 Series high-resolution
digital extensometer. Prior to testing, samples were stored at 23°C and 50% relative humidity for 5 days.

TABLE 1. Measured properties of materials.

Properties Reference PLA CAP BioPET
Thickness (mm) 0.3 0.13 0.14 0.11
Tensile strength MD (MPa) 50.0+5.0 1145+6.3 25.6+2.1 287.0 +£20.0
Tensile strength TD (MPa) 51.0+5.0 51.7+23 25.8+0.7 73.3+2.0

2.2 Methods

2.2.1. Film processing

Bioplastic films were manufactured in pilot-scale cast film extrusion line. Processing was done using one 35 mm
single-screw extruder equipped with three static mixers (Extron Mecanor Oy, Akaa, Finland) and a 550 mm-wide
sheet die with a screen-pack of 50-100 mesh. PLA and BioPET films were oriented in machine direction after cast
film extrusion with an in-house built online machine direction (MDO)-unit. Orientation accompanied with annealing
improves crystallinity, mechanical strength, and heat stability of semi-crystalline polyesters. Due to its amorphous
nature, CAP was not oriented. Table 2 provides a summary of the processing parameters.

TABLE 2. Processing parameters during cast film extrusion of PLA, CAP, and BioPET films

Processing Line speed Chill roll Temperatures in  Orientation ratio
Material temperature (°C) (m/min) temperature orientation and
(°C) annealing (°C)
PLA 210 1.0 60 70-80-140-55 3x
CAP 205-210 (DIE) 1.3 80 Not oriented Not oriented

BioPET 270 1.0 80 78-88-190-55 3.5x




2.2.2. Thermoforming process

Bioplastics were thermoformed using an industrial form-fill-seal machine (FFS). A detailed description of the
machine can be found in earlier research [8]. The machine was initially designed to operate with a roll-fed system;
however, a sheet-fed unit has been integrated into the forming chamber to test experimental sheets (Fig. 1). With this
system, sheets of materials are heated and formed either by vacuum, air pressure, or a combination thereof. The
primary difference between this system and the roll-fed system lies in the absence of preheating prior to forming.
Consequently, the material is only heated during the forming process, which causes it to form at a higher
temperature than in roll-fed systems where it is preheated separately. Furthermore, Fig. 1 depicts the thermoforming
tool used for material thermoforming as well as its 3D representation. The original depth of the mold was 15 mm,
which was used in the first step of the forming process. Nonetheless, the mold was deepened by another 15 mm for
further thermoformability testing with trays of 30 mm depth.

The thermoformability of materials was evaluated by analyzing their forming window and determining the
optimum forming parameters. Through a series of trial-and-error runs, the best possible result was obtained with
changing the forming parameters. To this purpose, prior to thermoforming, all materials were tested with the HSB 1
RDM heat sealer (RDM test equipment, Elsenham, England) to determine the starting forming temperature. Results
indicated that CAP, PLA, and Bio PET start forming at 150°C, 170°C, and 240°C, respectively. Therefore,
thermoforming trials were conducted from this starting temperature to the melting point of materials. Additionally,
parameter selection in the machine requires consideration of a maximum of 220°C heat up/forming temperature and
a maximum of 2 bars air pressure. Following these limitations, other parameters of the process, such as forming
temperature, forming time, forming pressure, and forming configuration (vacuum, air pressure, or a combination
thereof), were individually adjusted in an effort to achieve the best results. A second indicator of thermoformability
was the shape conformability of the sample with respect to the potential for achieving the mold depth and obtaining
the desired mold shape. A digital caliper with an accuracy of 0.01 decimal was used to measure the depth of the
samples. Moreover, visual inspection was also used for shape conforming, with particular attention being paid to the
groove area of the shape, which is the most challenging.

FIGURE 1. a) Custom-designed sheet forming system and b) the used forming tool.

3. RESULTS AND DISCUSSION

3.1 Forming Window Analysis
3.1.1 Reference material

Earlier research has examined the thermoformability of PET/EVOH/PE using roll-fed forming of the current
thermoforming line [8]. The study mentioned showed that the same mold shape can be achieved using this plastic if
the proper conditions are met, including 110°C forming temperature, 2 seconds of heat up/forming time, with using
any of vacuum, air pressure, or combination thereof. However, the preliminary testing of the current study in sheet-
fed system indicates that 110°C forming temperature is not sufficient for complete forming of the material,
particularly in groove areas (Fig. 5a). For this procedure, it is necessary to use higher forming temperatures.
Therefore, Reference plastic can provide the required performance when using 150°C and the other forming
parameters remains as mentioned previously (Fig. 5b).



FIGURE 2. PET/EVOH/PE tray produced with a) 110°C, 2 sec time, 0.8 bar pressure, without vacuum b) 150°C, 2 sec time, 0.8
bar pressure, without vacuum.

3.1.2 CAP material

Test run was initiated on CAP material with 150°C forming temperature, 1 second of heat up/forming time, 1.2
bars pressure, and vacuum applied. These selected parameters resulted in a successful replication of the mold shape
and the maximum depth being achieved (Fig. 2a). The bottom and walls of trays, however, displayed significant
spring-back. The spring-back could not be significantly altered by increasing the heat up/forming time, but it could
be substantially eliminated when the temperature increases up to 170°C. While this parameter changes reduced
spring-back, it caused the formation of wrinkles at the bottom of the tray (Fig. 2b). With the machine temperature
elevated to 180°C, the configuration was changed to use only pressurized air and no vacuum, which resulted in
decreased spring-back and wrinkles while obtaining the desired shape and depth (Fig. 2c). Ultimately, "180°C, 1-3
time, 0.8 bar pressure, without using vacuum" was selected as the optimum configuration for forming this material.

FIGURE 3. CAP trays produced with a) 150°C, 1 sec time, 1.2 bars pressure, with vacuum b) 170°C, 5 sec time, 1.2 bars
pressure, with vacuum c) 180°C, 1 sec time, 0.8 bar pressure, without vacuum.

3.1.3 PLA material

A preliminary test demonstrated that studied PLA cannot be formed and softened completely below 170°C (Fig.
3a) and that increasing temperature to 180°C (Fig. 3b) and above melts the material, indicating a very narrow
forming window. Consequently, test run began on PLA material at 170°C, 5 seconds time, 0.8 bar pressure, with
applying vacuum. However, this forming setup produced a deformed and thinned sample with holes appearing at the
locations of the vacuum holes. This issue was prevented by turning off the vacuum and only using pressurized air to
test the materials. The three-second time of forming and heating, combined with the pressure of 0.8 bar was selected
as the starting point, which caused a part of the sample to be melted. Therefore, to resolve this issue, the heating
time was reduced first to one second and then to two seconds without affecting the forming time in which two
seconds yielded the best results. Accordingly, the parameter presented in Fig. 3¢ was selected as the optimum for the
material. Despite the material being configured to its optimal state, thinning was observed that could not be
controlled by the available processing parameters, possibly due to the minimal starting thickness of the draw.

FIGURE 4. PLA trays produced with a) 160°C, 3 sec time, 0.8 bar pressure, without vacuum b) 180°C, 1 sec time, 1 bar
pressure, with vacuum c) 170°C, 3 sec time, 0.8 bar pressure, without vacuum.



3.1.4. BioPET

Based on preliminary tests conducted with the heat sealer, the forming of the used BioPET began at 240°C. As
the thermoforming machine available could not go beyond 220°C, the only temperature examined for this material is
220°C. A combination of vacuum and pressurized air for this material resulted in the samples breaking (Fig. 4a).
Thus, the experiment was continued without vacuum and only with air pressure. It was nevertheless observed that,
under these circumstances, too, pressures equal to or greater than 1.4 bar resulted in the material breakage (Fig. 4b).
With this material, experiments demonstrated that a working pressure of 1 to 1.2 bar could work the best. The use of
220°C temperature does not allow complete forming and to accomplish this level of forming, it is necessary to heat
the material for a considerable period of time (at least six seconds) (Fig. 4c). Albeit, this material has high tensile
strength as indicated in Table 1, the brittleness of the material on the other hand causes its early tendency to break.
It is therefore evident that, even with the most optimal configuration, this material is unable to integrate and operate
optimally in the available thermoforming equipment as the result of its properties and processing window.

FIGURE 5. BioPET trays produced with a) 220°C, 6 sec heat up time, 3 sec forming time, 0.8 bar pressure, with vacuum b)
220°C, 6 sec heat up time, 3 sec forming time, 1.4 bar pressure, without vacuum c) 220°C e, 10 sec heat up time, 6 sec forming
time, 1.2 bar pressure, without vacuum.

3.1.5 Evaluation of the forming window in terms of speed and energy efficiency in production

This section presents a comparison between the thermoforming production efficiency of studied materials in
terms of production speed and energy requirements. A similar comparison of energy demand has previously been
made for a few bioplastics in other processes, such as injection molding and additive manufacturing [9]. In this
study, optimal configurations for CAP and PLA were compared with a reference plastic for thermoforming. In the
analysis, BioPET was excluded due to limitations found in thermoforming machines that prevented it from being
thermoformed successfully. It should also be noted that this analysis could be influenced by the product geometry
particularly in production speed; however, it can provide insights into different materials [10].

The results of this study indicate that, in terms of forming temperature, and therefore production energy,
bioplastics studied require a slightly higher level of energy than fossil-based reference material, possibly due to the
higher softening point of these materials than PE or PET. The second factor contributing to production energy is
forming time, which is greater for PLA in comparison with the other two materials. A further indication of forming
time is that PLA has a slower rate of production, requiring 3 seconds of heat up and forming time compared to 2
seconds for the reference material. On the other hand, there is no drastic change in production speed as with CAP
material even 1 sec of heat up/forming time could suffice. With respect to the production flexibility, results indicate
a limited possibility with bioplastics since they could have provided the desired result via forming with air pressure
alone. Reference plastic, on the other hand, is flexible, enabling any configuration including vacuum, air pressure, or
a combination to produce the results, thereby giving the producer greater flexibility in adjusting thermoforming
production.

3.2 Shape Conformity Analysis

When analyzing the thermoformability of materials, it is essential to consider their ability to produce deeper
shapes, thereby increasing the scope for producing versatile products. In this study, this factor has been examined by
deepening the mold and manufacturing trays of a depth of 30 mm using optimal processing parameters. BioPET is
excluded from this analysis due to inadequate forming at a depth of 15 mm. At a depth of 30 mm, the reference
plastic can achieve a successful shape and depth without thinning (Fig. 6a). The CAP material was also successfully
formed at this depth without any thinning or any issues with the shape (Fig. 6b). The PLA, however, exhibited great



thinning, resulting in a reduction in tray thickness up to 0.1 mm, and holes appearing in the trays, primarily in the
vacuum holes (Figure 6¢). The results obtained indicate that this material cannot produce acceptable results at this
depth, given its starting drawing thickness.

FIGURE 6. Trays obtained at 30 mm depth of mold a) Reference b) CAP c¢) PLA.

CONCLUSION

This study examined the thermoformability feasibility of bioplastics including PLA, CAP, and BioPET in
comparison to a conventional PE/PET plastic as a reference. PLA and BioPET have yet limited thermoforming
potential, the former owing to its thermal and mechanical characteristics, whereas the latter due to both properties
and technological limitations associated with existing thermoforming machine to process this material. By contrast,
CAP material displayed satisfactory thermoformability when considered in light of the possibility of conforming the
shape to different depths. Additionally, considering the processing window of materials, results confirm a higher
production energy requirement for thermoforming of studied bioplastics than commercial reference plastic, yet
production speed could remain the same in the case of CAP and higher in the case of PLA. Investigated bioplastics,
as compared to reference plastic, show less flexibility when it comes to the potential for production adjustment when
considering the possibility of configuration changes (vacuum forming, air pressure forming, or a combination
thereof). Overall, the findings indicate that certain types of bioplastics can be thermoformed using existing
machinery; however, further development of thermoformable bioplastics and adjustments to future thermoforming
lines are required to facilitate processing such structures and increase their market share.
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