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Abstract: The most recent developments of Fused Deposition Modelling (FDM) techniques are moving
the application of Additive Manufacturing (AM) technologies toward new areas of investigation
such as the biomedical, aerospace, and marine engineering in addition to the more consolidated
industrial and civil fields. Some specific characteristics are required for the components designed
for peculiar applications, such as complex geometries, lightweight, and high strength as well
as breathability and aesthetic appearance specifically in the biomedical field. All these design
specifications could be potentially satisfied by manufacturing with 3D printing techniques. Moreover,
the development of purpose-dedicated filaments can be considered a key factor to successfully meet
all the requirements. In this paper, fabrication and applications of five new thermoplastic materials
with fillers are described and analyzed. They are organic bio-plastic compounds made of polylactic
acid (PLA) and organic by-products. The growing interest in these new composite materials reinforced
with organic by-products is due to the reduction of production management costs and their low
environmental impact. In this study, the production workflow has been set up and described in
detail. The main properties of these new thermoplastic materials have been analyzed with a major
emphasis on strength, lightweight, and surface finish. The analysis showed that these materials can
be particularly suitable for biomedical applications. Therefore, two different biomedical devices
were selected and relative prototypes were manufactured with one of the analyzed thermoplastic
materials. The feasibility, benefits, and performance of the thermoplastic material considered for
these applications were successfully assessed.
Keywords: organic bio-composite filament; design; additive manufacturing capability; roughness;
mechanical properties; biomedical applications

1. Introduction
Chemurgy was discussed for the first time in the 1930s in the United States. As is known,
it is a branch of industry and applied chemistry that studies the integration of agricultural and natural
biomasses (renewable resources), given as input to the secondary industry for the production of
Appl. Sci. 2020, 10, 5852; doi:10.3390/app10175852

www.mdpi.com/journal/applsci

Appl. Sci. 2020, 10, 5852

2 of 13

fuels, chemical compounds, or materials [1]. It is worth mentioning that this “industrial symbiosis”
model involves the integration of specific properties of selected biologic materials to eliminate the use
of petrochemical modifying agents, which leads to the creation of plastic materials with improved
ecological properties. The environmental benefit of this production paradigm is confirmed by its
adherence to some of the principles set out in the ‘European strategy for plastic in the circular economy’
(European Commission, 2018) [2,3]. The biomass fillers do not only allow us to completely replace the
toxic additives, but they are also able to improve materials performance. In fact, while additives are
usually added in small percentage parts, biomasses are added in much higher percentages, ranging
from 15% to 60%, which leads to significant savings of the plastic material. In this way, two objectives
are embraced simultaneously: the reduction of dangerous substances in materials and raw materials
replacing them with wastes from production cycles (this allows us to meet the waste framework
directive [4] ‘reuse before recycling’ indications).
With reference to the first objective, the environmental impact of plastics, at various levels,
is well-known [5]. One of the worst effects is produced by the microplastics. These are plastic particles
ranging between 5 and 330 µm and, due to their size, can reach any terrestrial environment. Recent
studies have demonstrated that they can travel hundreds of kilometers, carried by the wind, clouds and
rain [6]. They can even reach living organisms so that a human could assume up to 5 g (the equivalent of
a credit card) per week in the worst perspective (UN News, 2017). The impact caused by microplastics
is mostly attributable directly to the additives contained within them. In fact, the small plastic particles
act as a simple vector while additives release their toxicity to the environment where microplastics
deposit and accumulate [7,8]. The secondary microplastics differ from the primary ones for the size in
which they are directly produced. This is the case of plastic particles used in cosmetic products or
those making up fibers for clothes. They separate from plastic objects consequently to mechanical,
thermal, or chemical deterioration.
After this premise, it can be said that the new paradigm exposed so far could be an excellent
preventive solution to the secondary microplastics since the additives-core problem due to their
intrinsic toxicity-are replaced by a completely non-toxic and biodegradable material.
The paradigm of circular economy is generally applicable to manufactured parts including multi
material components [9] and parts obtained by means of Additive Manufacturing (AM) [10], which can
be implemented in different manufacturing processes [11].
In this work, five new organic bio-composite filaments, HEMP, WEED, TOMATO, CAROB,
and PRUNED made of polylactic acid (PLA) filled with organic by-products [12] are described
along with two examples of application to the biomedical field by using Additive Manufacturing.
The five bio-plastic compounds have different physical, mechanical, and visual properties. They
are all obtained by recycling wastes from the processing of five different agricultural supply chains
(by-products). Each natural agricultural additive has different mechanical/physical properties such as
tensile strength, elasticity, density, and porosity (which is linked to the breathability) as well as a strong
visual and tactile identity. These new ‘eco’ plastics are completely biodegradable and biocompatible,
which makes them more suitable for the products’ manufacturing in sectors such as biomedical, food,
pharmaceutical, and cosmetics. In the biomedical field, these materials are particularly recommended
for the realization of objects intended to come into contact with the human body, such as orthoses.
Most of these applications constitute for the authors the reason for using bio-plastic compounds in
the form of filaments, suitable for AM, since this manufacturing method allows great versatility in
design and efficiency if an appropriate design framework is provided [13]. For instance, devices
like orthoses require a patient-specific approach where the customization undoubtedly gives an
added value: the preoperative planning more often is finalized to the realization of 3D-printed
models [14], patient-specific instruments [15], customized orthopaedic devices [16], and customized
dental implant systems [17]. In all these applications, AM has also the advantage of one single
customized item being produced at affordable prices. Always with reference to the biomedical field,
and particularly to scaffolds for tissue engineering [18], which have a highlight of interest, AM
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enables the production of complex geometries, which were previously difficult or impossible to be
manufactured [19]. The reported biomedical applications have a purpose to outline the versatility of
the manufacturing method.
The product derived from these new organic bio-plastic compounds bears some main advantages
over classical competitors due to limited management and production costs, reduced environmental
impact, recyclability, and optimized disposal. However, all these advantages are not achieved at the
expense of performance. On the contrary, as outlined in the present paper, performance can get even
better with respect to standard thermoplastic materials, thanks to improved mechanical properties
and weight reduction coming from the specific filler being used. On the whole, the secondary sectors,
such as thermoplastic industries, take advantage of new inputs from agricultural wastes with the
added value of complying with European standards that require 20% bio-based inputs [4].
2. Materials and Methods
2.1. Bio-Plastic Compounds Fabrication
The new bio-plastic compounds can be essentially defined as composite materials. These can
be described as materials constituted by two or more different phases with a distinct interface:
(i) the matrix or continuous phase and (ii) the filler/reinforcement phase, surrounded by matrix
material [20,21]. Although preserving the individual phases for their own features in the final product,
when combined, the resulting composite material displays enhanced mechanical/physical characteristics
when compared to pristine components [22,23]. Composite materials can show remarkable anisotropy,
according to fibres’ arrangement, namely, their properties change considerably in different directions,
but also nearly isotropic configurations can be obtained [24]. Generally, in artificial and industrial
uses, the matrix phase is based on synthetic thermosetting or thermoplastic polymers, depending on
manufacturing processes and final technological applications. On the other hand, the filler phase can
be based on inorganic fibers or particulates (e.g., glass, carbon, etc.) in order to ensure strength and
stiffness to the resulting composite material [22].
When compared to common composite materials, these compounds are entirely natural-based.
The matrix consists of Polylactic Acid (PLA), a 100% bio-based plastics (purchased from Ingeo
Biopolymer 3D450 by NatureWorks), and the reinforcements are based on different particles
(more than 20% in weight) from agricultural waste, which makes these products into particulate
bio-composite materials.
In particular, the by-product particles used as filler have been standardized, by controlling the
respective humidity values, spherical shape, and caliber, as illustrated in Table 1.
Table 1. Main characteristics of the particles used as a filler phase from agricultural waste.
Material

Relative Humidity

HEMP
WEED
TOMATO
CAROB
PRUNED

6%
4%
4%
4%
4%

Shape
Spherical-like
Spherical-like
Spherical
Spherical
Spherical

Particle Size (µm)
130
150
100
130
100

The different filaments are made with fillers, which are randomly dispersed in a PLA matrix. Thus,
they can be considered as composites with short fibres (such as short fiber thermoplastics, which are
well-known) that can be treated as nearly isotropic. This assumption is also enforced by the shape of
the fillers, which was characterized by an adimensional parameter of sphericity. It was found that this
parameter ranged between 0.8 and 1.2, where the value 1 corresponds to a perfect sphere. Sphericity
also promotes the homogeneity of the material since it improves the adhesion between the filler and the
matrix minimizing the presence of micro-voids, which could produce microcracks and internal stresses.
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Table 2. Injection parameters.
Drying Granules
10 h in a Vacuum Oven at 90 ◦ C

Drying Granules
Barrel temperature
Barrel
temperature
Mold temperatures
MoldScrew
temperatures
speed
Screw
speed
Injection
speed
Injection speed

10 h in a Vacuum
Oven at 90 °C
160–170 ◦ C
160–170 °C
30 ◦ C
30 °C
300 rpm
300 rpm
Slow
Slow
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(2) WEED (Figure 2b): filament of natural and compostable origin, containing waste powder
from hemp leaf (ranging from 10% to 15%).
(3) TOMATO (Figure 2c): filament of natural and compostable origin containing scraps from the
agricultural production of Sicilian cherry tomatoes (ranging from 15% to 25%).
(4) CAROB (Figure 2d): filament of natural and compostable origin, containing discarded carob
flour (ranging from 10% to 20%). Carob flour is a product that contains more than 30% of sugars.
(5) PRUNED (Figure 2e): filament of natural origin, compostable, containing exclusively orange
pruning waste (ranging from 10% to 20%). This waste is mainly composed of orange wood sawdust
with a good percentage of fruit peel waste.
It is worth
noting that
the bio-plastic
compound
filaments
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containing
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agricultural production of Sicilian cherry tomatoes (ranging from 15% to 25%).

•

Manufacturing capability: this property was evaluated considering melting temperatures,
filament surface roughness, density, and retraction behaviour, considered as longitudinal
moulding shrinkage. In all the bio-composite materials, the melting temperature was evaluated
by Differential scanning calorimetry (DSC), according to standard ISO 11357. The density was
estimated at 23 °C, according to standard ISO 1183. The longitudinal moulding shrinkage was
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(4) CAROB (Figure 2d): filament of natural and compostable origin, containing discarded carob
flour (ranging from 10% to 20%). Carob flour is a product that contains more than 30% of sugars.
(5) PRUNED (Figure 2e): filament of natural origin, compostable, containing exclusively orange
pruning waste (ranging from 10% to 20%). This waste is mainly composed of orange wood sawdust
with a good percentage of fruit peel waste.
It is worth noting that the bio-plastic compound filaments illustrated in Figure 2a–e are at
a prototypal stage, excluding the HEMP filament, which has been patented. Therefore, the respective
characterization is still ongoing and liable to further investigations. The diameter of the produced
filaments described here is 1.75 mm.
2.2. Performance Evaluation
The following properties have been considered and tested on the new bio-plastic
compound filaments.
•

•

•

Manufacturing capability: this property was evaluated considering melting temperatures, filament
surface roughness, density, and retraction behaviour, considered as longitudinal moulding
shrinkage. In all the bio-composite materials, the melting temperature was evaluated by Differential
scanning calorimetry (DSC), according to standard ISO 11357. The density was estimated at 23 ◦ C,
according to standard ISO 1183. The longitudinal moulding shrinkage was measured at 23 ◦ C,
according to standard ASTM D 995.
Roughness: the average value of this characteristic was measured for an object printed with these
new bio-composite materials and compared it with that of an object printed with pristine PLA
and with Acrilonitrile-butadiene-stirene (ABS).
Mechanical properties: the elastic modulus, the yield strength, the yield elongation, the ultimate
stress, and the ultimate elongation were evaluated. The elastic modulus was evaluated at 23 ◦ C
by using a dynamic mechanical analyzer (DMA Q800, TA Instruments), according to standard
ISO 527. The yield and elongation strength together with the ultimate stress and elongation were
estimated by a static mechanical machine (Instron 5569), setting a displacement rate equal to
10 mm/min. All mechanical properties were tested at 23 ◦ C, according to standard ISO 527.

All experimental tests were carried out at SUPERLAB S.r.l. Salvaterra (Italy). Further details on
the equipment used for characterization can be found in Reference [24].
3. Results and Discussion
3.1. Manufacturing Capability
Bio-plastic compound filaments are as printable as PLA since they can be extruded at even
lower temperatures. Extruding at up to about −13% temperatures implies significant energy savings.
In addition, filled PLA has generally shown a shrinkage, which makes printing more accurate, without
the need for further processing being necessary [25,26]. Table 3 summarizes the main manufacturing
capability properties of the new bio-plastic compound filaments.
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3.0
3.5
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3.2
2.5
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Layer height (mm)
0.25

Layer height (mm)
Infill ratio (%)
Infill ratio (%)
Nozzle diameter (mm)
Nozzle diameter (mm)
Printing speed (mm/s)
Printing
speed (mm/s)
Printing
temperature(°C)
(◦ C)
Printing temperature

0.25
50
0.6
0.6
60
60
200 200
50

Figure 3.3.Ra of
Ranew
of composites
new composites
in comparison
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pristine acid
polylactic
(PLA) and
Figure
in comparison
with pristine
(PLA) acid
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HEMP bio-plastic compounds was the roughest of the “new materials” with a value very
HEMP bio-plastic compounds was the roughest of the “new materials” with a value very close
close to that of pristine PLA. The others Bio-plastic compounds have better finishes than both the
to that of pristine PLA. The others Bio-plastic compounds have better finishes than both the
Acrilonitrile-butadiene-stirene (ABS), and Polylactic acid (PLA) (Figure 4). Differently, the CAROB has
Acrilonitrile-butadiene-stirene (ABS), and Polylactic acid (PLA) (Figure 4). Differently, the CAROB
a better finishing value.
has a better finishing value.

Appl. Sci. 2020, 10, 5852
Appl. Sci. 2020, 10, x FOR PEER REVIEW

7 of 13
7 of 12

(a)

(b)

(c)

FigureFigure
4. Surface
finish compared
to traditional
materials:
(a) Acrilonitrile-butadiene-stirene—ABS,
(b)
4. Surface
finish compared
to traditional
materials:
(a) Acrilonitrile-butadiene-stirene—ABS,
Polylactic
acid—PLA,
and (c) Polylactic
acid filledacid
withfilled
20% with
hemp—HEMP.
(b) Polylactic
acid—PLA,
and (c) Polylactic
20% hemp—HEMP.

3.3. Mechanical Properties
3.3. Mechanical Properties
Each filler produces some specific benefits from the point-of-view of the mechanical properties.
Each filler produces some specific benefits from the point-of-view of the mechanical properties.
The measurements of the mechanical properties (Table 5 and Figure 5) were carried out, as reported in
The measurements of the mechanical properties (Table 5 and Figure 5) were carried out, as reported
Section 2.2, using the printing parameters reported in Table 4.
in Section 2.2, using the printing parameters reported in Table 4.
Moreover, in Table 5, we also report the main mechanical properties of ABS, which constitutes
Table 5. Main mechanical properties of new composites in comparison with acrilonitrile-butadiene-stirene
a
traditional
synthetic polymer commonly used for Fused Deposition Modelling (FDM) 3D-printing
(ABS) and pristine polylactic acid (PLA).
[27,28] in comparison with bio-based ones, such as PLA and our composite materials.
Material
ABS
PLA
HEMP
WEED
TOMATO
CAROB
PRUNED

Colour

Wood
Green
Red
Reddish/
Brownish
Brownish

Elastic
Modulus
(MPa)

Yield Stress
(MPa)

2060
1900
4420
3887
2450

45.1
35.9
41.8
32.0
34.0

1.0
2.0
1.5
1.3
1.7

38.0
26.4
33.6
19.5
30.2

3.0
3.8
3.5
8.8
3.1

2260

31.2

1.9

22.1

25

2500

44.1

2.0

37.0

2.5

Yield
Ultimate Ultimate
Elongation Stress
Elongation
(%)
(MPa)
(%)

Figure 5. Elastic modulus (up) and Yield stress (down) for PLA and filled materials.
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Elasticmodulus
modulus (up)
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and Yield
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stress (down)
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for PLA
PLA and
and filled
filled materials.
materials.
Figure

Moreover, in Table 5, we also report the main mechanical properties of ABS, which
constitutes a traditional synthetic polymer commonly used for Fused Deposition Modelling (FDM)
3D-printing [27,28] in comparison with bio-based ones, such as PLA and our composite materials.
More details on the results are given in the following.
•

•

•

•

HEMP (Hempt fillers 20%): this material has excellent tensile strength, thanks to the high presence
of silicon contained in the hemp shives. This is a result not obtainable even with hemp fiber or
wood sawdust. The elastic modulus is more than double if compared to ABS (+115%) and PLA
(+133%). Moreover, the yield strength remains almost constant in comparison with ABS, but it
increases significantly when compared to PLA (+16%) (see Figure 5).
WEED (Powder from hemp leaf fillers 20%): again, it results in a relevant increment of the
elastic modulus. However, both yield stress and ultimate stress are smaller than ABS and PLA.
In addition, this material undergoes a very high plastic deformation. This is due to cannabinoids,
which give much plasticity to the material. The starting ABS or PLA have a percentage of
elongation at break equal to about 3% [25]. Adding 20% of hemp leaf powder, this percentage
reaches about 9%.
TOMATO (Cherry tomatoes fillers 20%): the performances in terms of ultimate stress and ultimate
elongation are very similar to pristine PLA and ABS. However, the TOMATO elastic modulus is
about +20% higher than ABS and PLA. Moreover, ABS shows a higher yield stress (about +30%)
compared to the TOMATO composite.
CAROB (Carob flour fillers 20%): due to the high temperatures of the die, contained sugar becomes
caramel, which gives the final material a noticeable elongation approaching the yield point. In fact,
although most of its mechanical properties are similar to ABS and PLA, CAROB has a percentage
of elongation at break which reaches more than a 20% value due to the addition of carob flour.
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PRUNED (Orange pruning fillers 20%): material has shown excellent resistance to plastic
deformation and failure compared to PLA (+25% and +42%, respectively) while the elastic
modulus is similar. In this case, its mechanical properties are very comparable to ABS with the
exception of yield elongation that is closer to PLA values.
With reference to the visual/outer appearance, each filler produces peculiar characteristics.

•
•
•
•
•

HEMP: filler gives excellent surface touch properties, breathability, and wood effect (Figure 4c).
WEED: this material has a characteristic natural green colour, which makes it very suitable for the
production of domestic objects.
TOMATO filler gives a vivid red colour.
CAROB filler gives a characteristic reddish/brownish colour and a shiny appearance.
PRUNED: this material has a characteristic brownish colour.

4. Applications to Biomedical Devices
Antibacterial properties of hemp shives [29] with the breathability, good aesthetics characteristics,
stiffness, and touch pleasant made HEMP bio-plastic compound material the most appropriate material
for the design of biomedical prototypes. According to these findings, two different biomedical
prototypes, which includes a neck orthosis and a laryngoscope, were manufactured using Printer D300
Technology® equipped with a 0.6-mm nozzle. These two devices were considered to be particularly
suitable for highlighting the characteristics of the HEMP material, including specifications of lightness,
breathability, good aesthetics, and stiffness. In addition, these are objects large enough to significantly
benefit from the shrinkage of the HEMP bio-plastic compound. The printing parameters used to
manufacture these prototypes are those shown in Table 4. Both applications have highlighted how
the process parameters are the most important issues for the final characteristics of a manufactured
part [30,31].
4.1. Neck Orthosis
A neck orthosis is an external medical device that has to support, prevent deformity, or correct
the spine. It is used in treating specific pathologies. Rigid cervical collars available on the market are
generally made of hard polyethylene covered by a soft pad. However, it is known that the use of these
collars can be uncomfortable, restrictive, and poorly tolerated. Customization of the device together
with appropriate material selection and geometry, realizable by 3D-printing usage, can help improve
the performance of these devices mainly in terms of comfort.
The customized orthosis was designed starting from the Computer Tomography (CT) scan of the
neck of a volunteer subject. The final prototype was designed by introducing a pattern of voids in
order to improve the breathability and decrease the overall weight.
As a first step, a void-free neck collar was manufactured in order to assess the feasibility to
reproduce the complex geometry of the model (Figure 6a). In a later step, a honeycomb pattern of
voids was designed and a lighter collar was manufactured (Figure 6b,c). More details on the design of
the model are available in Reference [16].
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are designed in the parametric way and are produced with materials that may be pleasant to the
touch, the advantage is remarkable. The customizable blade model was developed by following
a feature-based approach with eight morphological parameters (Figure 7a). The thickness of such a blade
was determined through numerical simulations of ISO (International Organization for Standardization)
certification tests. The model was built from the chosen parameters. The blade was tested in silico.
Lastly, the blade was produced with Hemp bio-plastic compounds.

tested in silico. Lastly, the blade was produced with Hemp bio-plastic compounds.
In this case, as in neck orthosis, the best orientation of the object, in order to obtain the best
accuracy, was parallel to the printing bed (Figure 7b). The authors employed a layer height of 0.25
mm, which varied the filling density and speed of deposition by discovering that the surface
roughness
ranged
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demonstrates the advantages related to the use of these materials for meeting strict requirements on
In this work, innovative organic bio-plastic materials for additive manufacturing applications
final products coming from final consumers through their application to two biomedical devices.
have been analyzed. The organic nature of these materials represents a unique opportunity for
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of-views. Not only is the final product an appropriate answer to the necessity of reducing and
material. Additionally, specifications of lightness, breathability, good aesthetics, and stiffness have
minimizing additive toxicity, but it can also have better manufacturing capability, superior
been evaluated.
mechanical properties, and added benefits. Future research will be devoted to the analysis of other
The paradigm described in this case represents a unique opportunity of symbiosis between
fillers, setting up models able to foresee the respective performances in terms of manufacturing
the primary and secondary industries. The integration between resorbable PLA and agricultural
capability, visual/outer appearance, and mechanical properties.
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