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Recent Progress in Research of Additive Manufacturing
for Polymers
Swee Leong Sing 1,* and Wai Yee Yeong 2
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Additive manufacturing (AM) methods have grown and evolved rapidly in recent
years. AM for polymers is particularly exciting and has great potential in transformative
and translational research in many fields, such as biomedical [1–3], aerospace [4,5], and
electronics [6,7]. Current methods for polymer AM include material extrusion, material
jetting, vat photopolymerization, and powder bed fusion. As these techniques matured
and developed, more functionalities have been added to AM parts. Such functionalities
include multi-material fabrication [8–10] and integration with artificial intelligence [11].
These have resulted in polymer AM to evolve from a rapid prototyping tool to actual
manufacturing solution.

In this special issue, state-of-the art research and review articles are collected. They focus
on the process–structure–properties relationships in polymer AM. In total, one review and
nine original research articles are included. Gülcan et al. provided a comprehensive review
on the material jetting technique for polymer AM by analyzing the effect of the critical
process parameters and providing benchmarking with other manufacturing processes [12].
In their research, Nagarajan et al. investigated the use of polymer composites that contain
ferromagnetic fillers for applications in electronic and electrical devices. These composites
were processed using material jetting and alignment of the fillers was achieved using
magnetic field [13]. Wu et al. also used material jetting to produce novel composite
materials that are multi-material [14]. Udroiu studied the use of material jetting produced
surfaces for aerodynamic models [15]. Samat et al. evaluated the mechanical and in vitro
properties of material extruded thermoplastic polyurethane and polylactic acid blend
for tracheal tissue engineering [16]. Zhang et al. also used material extrusion of blends
for their experiments. They studied biodegradable polyesters and adjusted the blend
compositions to tailor the mechanical performance [17]. Catana et al. studied the bending
resistance of polylactic acids and compared them to the simulations. They found that
the AM parts deviated from simulations due to fluctuations in process parameters [18].
Jiang and Drummer studied the effect of curing strategy on the part accuracy produced
by vat photopolymerization [19]. Gueche et al. investigated the feasibility of using di-
carboxylic acids to produce solid oral forms with copovidone and ibuprofen using powder
bed fusion [20]. Finally, Schlicht et al. developed new scanning strategies using quasi-
simultaneous exposure of fractal scan paths for powder bed fusion of polymers that can
reduce the energy consumption of the process [21].
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Abstract: Material jetting (MJ) technology is an additive manufacturing method that selectively cures
liquid photopolymer to build functional parts. The use of MJ technology has increased in popularity
and been adapted by different industries, ranging from biomedicine and dentistry to manufacturing
and aviation, thanks to its advantages in printing parts with high dimensional accuracy and low
surface roughness. To better understand the MJ technology, it is essential to address the capabilities,
applications and the usage areas of MJ. Additionally, the comparison of MJ with alternative methods
and its limitations need to be explained. Moreover, the parameters influencing the dimensional
accuracy and mechanical properties of MJ printed parts should be stated. This paper aims to review
these critical aspects of MJ manufacturing altogether to provide an overall insight into the state of
the art of MJ.

Keywords: tray location; build direction; surface finish; matte; glossy

1. Introduction

The demand for complex parts is steadily increasing in different industries (especially
in aerospace, automotive and biomedical industries) to manufacture lighter parts with
higher stiffness, higher strength and lower cost. Thanks to the recent advances in additive
manufacturing (AM) technologies, engineers have more freedom to design and produce
complex parts which were more difficult if not impossible to manufacture with conventional
means [1]. The main difference in AM from conventional, subtractive manufacturing
methods is that it is based on a layer-by-layer manufacturing which results in a reduced
low buy to fly ratio (the ratio of weight of raw material to weight of the final part) [2,3].

According to “The American Society for Testing and Materials (ASTM) Committee
F42 on Additive Manufacturing Technologies” AM technologies can be classified as: pow-
der bed fusion, material jetting, vat photopolymerization, directed energy deposition,
material extrusion, binder jetting and sheet lamination [4]. The two different terms are
utilized to refer to material jetting processes synonymously. These names are used due
to secured naming rights of the material jetting printer manufacturers Stratasys (Poly-
Jet) and 3DSystems (MultiJet). The technology was first developed by Objet Geometries
Ltd. in 2000 and was acquired later by Stratasys in 2012 [5]. According to ISO/ASTM
52900: 2015 standard, “droplets of feedstock material are selectively deposited” in MJ
technology [6]. Although the MJ printer design varies slightly from manufacturer to
manufacturer, a general schematic representation of MJ can be seen in Figure 1. In MJ,
air-excluding tanks are used to store photopolymer materials and these are deposited
as droplets forming a very thin layer on the build platform after heating photopolymer
in the transmission line in which photopolymer is transmitted from tank to nozzle [7].
Ultraviolet (UV) light is emitted onto the molten material on the build platform for curing.
In this photopolymerization/photo-curing process, a light source of a specific wavelength
is used to cure monomers/oligomers in the liquid state [8]. Unlike the wavelength of lamps
used by SLA (355 nm) and DLP (405 nm), the wavelength of the light source in MJ can
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theoretically be unrestricted [9], but, practically, a light source of a wavelength between
190 and 400 nm is used [10,11]. After curing a layer, the build platform is lowered at a level
of certain layer thickness amount and new liquid material is jetted onto the previous layer.
After curing each successive layer, a full-scale part is completely built [12]. Since liquid or
molten material is used in MJ, a gel-like support structure is needed, especially in overhang
regions. These support structures are removed from the part using different methods:
sonication in a bath of sodium hydroxide solution, heating or using a high-pressure water
jet [13].
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The MJ technology is a prominent additive manufacturing method in the polymer
printing field due its advantages in comparison with other polymer printing techniques.
Technology allows us to adapt thin layer thicknesses which allows for printing high-quality
parts and less evident staircase effects and thin wall features [8]. The layer thicknesses can
be as low as 16 µm [14]. The low surface roughness texture is another advantage which is
one of the major problems for additive manufacturing technologies. There are two surface
finish options in MJ technology: matte and glossy. In matte the setting, the whole part is
covered with support material. In the glossy setting, only structurally needed areas are
supported and the model is exposed to air during curing. After printing, supported areas
will be matte and unsupported areas will be glossy. Furthermore, no post-processes are
required for MJ technology, and parts are usable in the as-built condition after separating
them from build platform and support removal processes. Rather than printing parts
directly on substrate, a photopolymer resin can be printed onto substrate as a printing
bed [15]. Due to easy detachment of photopolymer, separating printed parts from the built
plate is possible with a hand tool by applying less amount of force. In addition, different
materials such as PLA, ABS, polyamide and their combinations can be combined in a single
in MJ technology, called the multi-material approach [14]. The multi-material approach
can be utilized to produce composite parts for specific purposes. Lastly, MJ printers have a
closed ambient chamber for production which prevents undesirable effects of draught or
dirt and can be used in offices and homes.

In this study, the state of the art of MJ technology was reviewed. To better under-
stand the MJ technology, its capabilities, applications and usage areas were addressed.
Additionally, MJ was compared with other technologies and its limitations were examined.
Moreover, the parameters influencing the dimensional accuracy and mechanical properties
of MJ printed parts were investigated. To the authors’ knowledge, no other review has
addressed these aspects of MJ in the literature. Section 2 presents process and materials
where polymeric composites are investigated and the effect of tray location, build orienta-
tion and surface finish setting on dimensional accuracy, surface roughness and mechanical
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properties of MJ printed parts are reviewed. In this section, MJ capability and performance
of MJ printed parts and comparison of MJ technology with other technologies are also
investigated. Section 3 reports the application of MJ technology in different industries. The
paper is concluded by a summary of the findings.

2. Process and Materials
2.1. Materials

In MJ, thermoplastic, thermosetting and elastomeric polymers with different mechan-
ical properties are used. Pilipović et al. compared mechanical properties of FullCure,
VeroBlue and VeroBlack materials in MJ. They stated that FullCure material has the max-
imum flexural and tensile strength, followed by VeroBlue and VeroBlack. They also
mentioned that FullCure material resulted in the lowest surface roughness [16]. O’Neill
et al. compared mechanical properties of different types of materials in MJ. They stated that
elastic modulus, strain at fracture, maximum compressive strength and yield strength of
MED610 is higher than Vero White and RGD525. It was found that RGD 525 has the lowest
and MED610 has the highest wear rate [13]. Kaweesa and Meisel designed fatigue test bars
in which the middle sections have a material gradient transition region with continuous
gradients and stepwise gradient types of functionally graded material interface designs
with two materials: VeroCyan and TangoBlackPlus. They found that stepwise gradient
specimens with a longer flexible material region showed interfacial failure and higher
fatigue life than continuous gradient specimens and fatigue life increased with a decrease
in material gradient transition lengths [17].

2.2. Polymeric Composites via MJ

The improvement in AM enables new ideas to produce innovative parts to fulfill
mechanical needs. One of these ideas is the production of composite materials, which was
inspired by natural composites, with a mixture of soft–hard materials to create new mate-
rials with better mechanical properties [18]. The combination of two different materials
exhibiting different hardness specifications creates unique properties such as improved flex-
ibility and hardness [19,20]. The benefit of AM methods for the production of these complex
structures is relatively less time needed and cost in comparison to conventional techniques.
These composite materials are generally utilized in applications of specially designed struc-
tures such as hierarchical structures, including honeycombs, lattice structures and foams
for the purpose of energy absorption [21–23]. MJ is one of the most convenient methods for
composite material production. Sugawaneswaran et al. suggested a novel methodology for
fabrication of a randomly oriented plastic reinforced composite structure with elastomer
matrix phase. The random distribution of reinforcing materials was determined in a CAD
model. As a result, the composite exhibited 22% more stiffness and 10% more elongation
in comparison with constituent materials, while the orientation of reinforcements did not
inflences the stress–strain curves considerably [24,25]. One of the composite structures
that can be fabricated with MJ is interpenetrating phase composites (IPCs). An IPC is
made of lattice-based solid sheets embedded in a soft matrix. Dalag et al. investigated the
compression behavior of triply periodic minimal surface (TPMS) reinforced IPCs. It was
concluded that an increase in reinforcement structure volume fraction of 5% to 20% affects
the mechanical behavior of the IPC. Moreover, with the increase in the reinforcement struc-
ture volume fraction, ultimate compression strength and yield strength rise considerably.
During the deformation of the IPCs, local bucklings and debonding failure mechanisms
were experienced [26]. As for the dimensional accuracy of 3D printed microcomposites via
MJ, Tee et al. [27] suggested that geometric resolution is convenient whenever it is greater
than 500 µm. Additionally, in this study, the mechanical behaviors of 3D printed polymeric
microcomposites with different compositions and arrangements of reinforced particles are
investigated. As a result, it is shown that orientations and reinforced particle geometries
dominate the stiffness of the composites under compressive loads. However, the composite
specimen tensile test results showed that build orientation is insignificant for strength
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whenever the reinforced particle volume fraction is kept at a level of 5%. In addition, it was
stated that the composition and reinforced particle arrangement considerably influences
the mechanical behavior. In particular, the hardness of the reinforced particles has an effect
on the failure mechanism of the polymeric composite structures. Even though the use of
hard particles is able to increase the strength, soft particles serve as crack initiators.

2.3. The Effect of Parameters

Dimensional accuracy, surface roughness and mechanical properties of MJ printed
parts are crucial to obtain correct and reliable results after measurements and proper
functioning in the final assembly. Tray location, layer thickness, build orientation, surface
finish, material type and post-processing are the most important parameters that affect
dimensional accuracy, surface roughness and mechanical properties of MJ manufactured
parts [28,29].

In the literature, the percentage or level of impact of these parameters on dimensional
accuracy, surface roughness and mechanical properties has been investigated. Related to
surface roughness, Kechagias et al. investigated the effect of layer thickness, surface finish
setting and scale factor on the surface roughness of MJ printed parts. They stated that a
smaller layer thickness (16 µm) and glossy surface finish setting gives the best results in
terms of surface roughness. They also indicated that scale factor was not a dominant factor
for surface roughness [30]. Aslani et al. investigated the effect of layer thickness, surface
finish setting (matte or glossy) and build scale on surface roughness of MJ printed parts.
They observed that the surface finish setting has the greatest effect on surface roughness
with a contribution rate of 95%. On the contrary, the layer thickness and the build scale
have very little effect on surface roughness with a contribution rate of less than 3% [31].

In MJ, dimensional accuracy of printed parts depends mostly on polymerization
speed and photocurable resin material viscosity [32]. Kechagias et al. investigated the
effect of layer thickness, surface finish setting (matte or glossy) and model scale factor
on dimensional accuracy of internal and external features produced by MJ. Their results
showed that layer thickness and model scale factor were the two main factors affecting
dimensional accuracy of internal features. For external features, all factors were equally
important, although layer thickness has higher importance in the X and Y direction and the
model scale factor has higher importance in the Z direction [33]. Aslani et al. investigated
the effect of layer thickness, surface finish setting and scale on dimensional accuracy of
MJ 3D printed parts using the grey Taguchi method. They stated that scale had the largest
impact with contribution of 66.54%, followed by build style (contribution = 33.16%) and
layer thickness (contribution = 0.3%) [34].

Pugalendhi et al. investigated the effect of finish option, material, thickness and shape
on build time, specimen height and number of layers in MJ printed parts. They used
Taguchi analysis to perform DOE and ANOVA to determine the % contribution of each
factor to the results. They suggested that for all measured values, thickness was the most
dominant factor [35].

2.3.1. Tray Location

In MJ, tray location can be defined in terms of the X, Y and Z axis. The jetting head
moves along the X axis and along the transverse Y axis along which jetting orifices are
located in parallel. After each layer, the build plate moves along the Z axis (Figure 2) [36].
Locating the part along the X or Y axis of the build tray in MJ has a considerable effect on the
mechanical properties and surface roughness of final parts. As stated by Barclift et al., the
distribution of the same parts on the build platform can affect mechanical properties due
to over curing of some parts in different locations while other parts are being cured. They
also stated that decreasing the part spacing increased the part strength [37]. Pilipović et al.
stated that dimensional accuracy and repeatability on the X and Y axis is better than it is
for the Z axis based on distance measurements in MJ technology [8]. Cazon et al. stated
that the best roughness results were obtained when standard tensile specimens (BS EN
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ISO 527-2:1996) were placed close to the XY plane (in which the first letter designates
the specimen’s main axis and the second letter is the minor axis), in other words, parts
printed along the X axis gave the best results in terms of stiffness [29]. Gay et al. stated that
part spacing on the X axis and surface roughness of parts had no significant influence on
mechanical properties but part spacing on the Y axis has a considerable effect on properties.
Therefore, the authors suggested placing the parts on the Y axis as close as possible to
obtain better mechanical properties. They also stated that orientation of the part affected
the mechanical properties slightly and maximum properties were observed when the parts
were located parallel to the coordinate axis [36]. Beltrán et al. investigated the effect of
orientation, location and size of the part within the build platform on dimensional and
geometrical accuracy of cylindrical features. They stated that part orientation and part size
have the most influence and part location within the build platform has a relatively lower
influence on accuracy of these parts [38].
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2.3.2. Build Orientation

The build orientation of parts with respect to the build tray affects surface roughness,
dimensional accuracy and mechanical properties. To obtain better values of these charac-
teristics, it is important to know their effect on the properties of the final part. Kumar and
Kumar stated that the surface roughness generally increased as build orientation increased
until 90◦ (build orientation with respect to the build direction z) in MJ printed parts [39].
Kumar and Kumar investigated the effect of finish type, local surface orientation and layer
thickness on surface roughness of FullCure 720 and VeroBlue 840 printed parts by MJ.
They stated that the major factors affecting surface roughness were surface orientation and
finish type, and maximum surface roughness was obtained for the 90o surface angle [40].
Kechagias and Stavropoulos reported that when the angle of sloped surfaces of specimens
was increased, surface roughness values were also increased. The best and worst values
of surface roughness were achieved when the angle of sloped surfaces was zero and 90◦,
respectively [41]. Khoshkhoo et al. investigated the effect of build orientation and printing
direction on asymmetry, rough surface, stair-stepping effects and traces of flowed material
along the surface. They suggested that for achieving better surface finish, design fidelity
and dimensional accuracy, the build platform can be tilted and printing parameters (build
orientation, support strategy) can be changed [42]. Vidakis et al. investigated the effect of
sloped surface angle of the part on surface roughness of MJ printed parts. They used 0,
15, 30, 45, 60, 75 and 90◦ slope values and the X and Y direction as experimental inputs.
Results showed that parts produced in the X direction showed better surface roughness
when the sloped surface angle was below 45◦ and, after that value, parts produced in the Y
direction had lower surface roughness values [43].

Kent et al. investigated the effect of build orientation on surface roughness and
dimensional accuracy of MJ printed parts with four different materials. They found that
build orientation has a very high impact on these measurements, but the results were
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not fully consistent with each other [32]. Haghighi et al. stated that a horizontal build
resulted in better dimensional accuracy than vertical builds [44]. Kitsakis et al. investigated
the tolerance values in the X, Y and Z direction of MJ printed parts. They reported that
accuracy on the Z axis is smaller than on the X and Y axis [45,46].

Kesy and Kotlinski investigated the effect of build orientation on mechanical properties
of MJ manufactured parts. In different parts built in different orientations, they found
considerable changes in mechanical properties and attributed these changes to variations
in the amount of UV energy that reaches the different zones on the build platform for
each part [47]. Das et al. studied the effect of build orientation on tensile strength of
MJ printed parts. They built the specimens in flat and inclined conditions and X, Y and
45◦ angle directions. They suggested that specimens built in the X direction and flat
conditions showed the highest tensile properties and specimens built in the Y direction
and inclined condition showed the lowest tensile properties [48]. Tomar et al. stated
that building direction plays an important role in tensile properties of MJ printed parts.
Their experimental study revealed that samples produced parallel to the XY plane showed
higher values of yield strength, breaking stress and strain at fracture than samples produced
parallel to the Z direction [49].

The glass transition temperature is one of the most important properties of polymeric
materials and this property is relatively unknown for MJ printed parts. Sanders et al. inves-
tigated the effect of build orientation and layer thickness on glass transition temperature in
MJ and stated that parts printed in the X direction and with larger layer thickness values
demonstrated higher glass transition temperature values [50].

Blanco et al. investigated the effect of build direction on the relaxation modulus of MJ
printed parts. They concluded that parts built at a 0◦ slope angle had the highest relaxation
modulus; it decreased progressively with a 60◦–75◦ slope angle, then it increased up to a
90◦ slope angle. According to the authors, a shielding effect from UV curing by the support
material could be the main cause of the phenomenon [51]. Reichl et al. looked into the
viscoelastic properties of MJ printed parts characterized by a complex modulus which
depends on frequency and temperature. They stated that build orientation (vertical or
horizontal) had no effect on the complex modulus results [52].

2.3.3. Surface Roughness Options

As mentioned in Introduction, there are two surface finish options in MJ: matte and
glossy. The difference between these two settings is that, in the matte setting, the whole
part is covered with support material. On the other hand, only structurally needed areas
are supported and the model is exposed to air during the curing phase in the glossy setting.
Yap et al. stated that when the parts were printed along the Z axis and in the matte setting,
higher dimensional accuracy was obtained. On the other hand, the glossy setting reduces
the need for support and cost [53]. In MJ technology, there are also two printing modes:
high speed and high quality. Pugalendhi et al. investigated the mechanical properties of
MJ printed parts from VeroBlue material. They stated that the high-speed printing mode
is superior in terms of tensile strength, elongation at break, flexural strength and shore
hardness when compared to high-quality printing mode. They also suggested that a glossy
finish had lower peaks and valleys and resulted in better surface finish than matte finish
options [54]. Pugalendhi et al. compared mechanical properties of VeroWhitePlus and
VeroClear and stated that for both materials, glossy finish specimens give better results
when compared to matte finish specimens [55]. Cazon et al. stated that the glossy setting
gives better surface roughness than the matte setting [29]. Kampker et al. expressed that
surface finish has a significant effect on the tensile strength and glossy surface finish parts
have higher tensile strength values [56]. Moore et al. presented that glossy finish parts
have higher fatigue life when compared to matte finish parts in MJ due to the lower surface
roughness obtained with the glossy setting [57].
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2.4. MJ Capability and Performance of MJ Printed Parts

For an effective design, dimensional accuracy and process capability of related tech-
nology are paramount. MJ technology is capable of manufacturing dimensionally accurate
parts. It can be used in mass production in a short period of time with tolerance values
matching IT10 grade for linear dimensions on the Z axis and ISO 286 IT9 grade for radial
dimensions [58]. MJ is capable of manufacturing thin walls with a tolerance value of
25–50 µm [12]. By proper selection of parameters, dimensional accuracy tolerances can
be lowered to 15 µm [38]. Silva et al. stated that microfeatures larger than 423 µm can be
successfully built with MJ and large distortions or printing failures were observed below
this value [59]. However, it has some limitations. Holes with diameters smaller than 0.5 mm
cannot be horizontally or vertically printed and those with diameters of nearly 1 mm may
have some circularity deviations in MJ technology [60]. Tee et al. stated that when parts
are printed in multiple materials, MJ is capable of printing microcomposites as small as
62.5 µm but these small parts have high dimensional variations (20% to 75% dimensional
variation was observed for parts with length, height and diameter features of between
62.5 µm and 250 µm) [27].

For optimal printing, the liquid material must have enough viscosity, which is gener-
ally achieved by heating the material up to 30-70 ◦C [61]. Yap et al. stated that thin wall
features need to be oriented 0◦ along the Y direction (see Figure 2 for the convention of the
directions) and greater than 0.4 mm for a successful build and best accuracy in width and
height [53].

Wear performance of MJ printed parts has also been studied. Dangnan et al. investi-
gated the wear and friction mechanism of MJ printed ABS and Verogray polymers. They
applied different contact loads (1, 5 and 10N) and stated that in MJ parts, the wear rate
depends on the applied load and surface orientation to the sliding direction. For both
parallel and perpendicular orientations, the highest coefficient of friction was observed
under a 1N load [62]. It was stated that with plastic reinforcements, the elastic modulus of
elastomeric parts produced by MJ can be increased by 6.79%–21.03% [24,25].

In the literature, different layer thicknesses and main and support materials have been
used in different MJ machines. Some of these studies are summarized in Table 1.

Table 1. Materials, machines and layer thicknesses used in the literature.

Main Material Support Material Machine Layer Thickness Reference

VeroBlack FullCure 705 Objet
Connex 350 - [8]

VeroWhite
MED610
RGD 525

FullCure 705 Objet 260 Connex1 - [13]

VeroMagenta - Objet 500 Connex3 0.03 mm [63]

VeroClear - - 15 µm [64]

MED610 - Objet Eden 260VS 16.5 µm [65]

FullCure 720, VeroWhite,
VeroBlue - Objet Eden 260 - [66]

VeroWhite - Objet 500 16 µm [67]

VeroWhite, FullCure 720,
ABS-like - Objet J750 14–27 µm [68]

VeroClear SUP707 Objet Eden 260VS - [69]

VeroBlue FullCure 705 Objet Eden 350 16 µm [58]

VeroWhite FullCure 705 Objet 30 28 µm [38]
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Table 1. Cont.

Main Material Support Material Machine Layer Thickness Reference

FLX935, VeroMagenta SUP706B Objet J750 - [27]

VeroClear, VeroWhitePlus FullCure 705 Objet 260 Connex2 - [55]

VeroWhitePlus FullCure 705 Objet 30 16 µm [70]

- - Objet Eden 260VS 16 µm [71]

VeroClear SUP707 Objet Eden 260VS - [72]

FullCure 720 - Objet Eden 260VS 16 µm [73]

MED610 - Objet Eden 260VS - [74]

RGD240 FullCure 705 Objet 30 28 µm [36]

TangoBlackPlus
VeroWhitePlus - Objet

Connex 350 30 µm [57]

FullCure 720 FullCure 705 Objet Eden 350 16 µm [75]

RGD840 FullCure 705 Objet 30 28 µm [76]

RGD515 - Objet 350 16 µm [77]

FullCure 720 - Objet Eden 250 16 µm and 30 µm [31,33]

RGD720 SUP706 Objet 30 - [78]

Digital ABS Ivory, VeroGray,
RGD720 and Rigur - Connex2 Objet 500 - [56]

VeroClear - Objet 30 Prime 16–28 µm [79]

VeroBlackPlus SUP706B Objet J750 27 µm [50]

VeroWhite, RDG525, MED610 - Objet 260 Connex1 - [32]

Agilus30 and VeroWhite SUP706 Objet 500
Connex3 - [80]

VeroWhitePlus FullCure 705 Objet 260 Connex - [48]

VeroClear - Objet 30 Prime 28 µm [44]

FullCure 720 - Objet Eden 250 16, 30 µm [30]

FullCure 720 - Objet Eden 250 16, 30 µm [34]

RGD240 FullCure 705 Object 30 28 µm [51]

FullCure 720, VeroWhite FullCure 705 Objet
Connex 350 32 µm [81]

VeroWhitePlus - Object 30 16 µm [82]

2.5. Comparisons with Other Technologies

Polymeric materials can be manufactured using different techniques in addition to
MJ, as follows: selective laser sintering (SLS), fused deposition modeling (FDM or fused
filament fabrication (FFF)), three-dimensional printing (3DP), binder jetting (BJ), stere-
olithography (SLA), color-jet printing (CJP), digital light processing (DLP) and laminated
object manufacturing (LOM). These technologies were investigated and compared in
different aspects in the literature.

Ramola et al. stated that MJ technology produces 3D models with higher accuracy
than SLS or 3DP [83]. Ibrahim et al. investigated the dimensional accuracy of MJ, 3DP
and SLS printed mandibular anatomy parts, which showed that SLS parts had a lower
dimensional error (1.79%) than MJ (2.14%) and 3DP (3.14%) parts but MJ printed parts had
the highest accuracy [84]. Salmi et al. compared dimensional accuracy of SLS, 3DP and MJ
printed skull models and stated that the MJ method resulted in the lowest dimensional error
(0.18% ± 0.12% for first measurement and 0.18% ± 0.13% for second measurement) [85].
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MJ technology also gives rise to less dimensional variance than SLS technology due to the
laser dispersion in the build plate [86].

It was asserted in the literature that MJ technology has higher resolution than FDM
which may result in the existence of coarse weld lines between successive layers when
FDM is used [87]. Lee et al. compared the surface roughness of replica teeth produced by
FDM and MJ technology. They stated that MJ resulted in smoother surfaces than FDM
due to lower layer thickness values (MJ: 0.016 mm, FDM: 0.330 mm) [82]. Camardella et al.
investigated the dimensional accuracy of dental models made with SLA and MJ techniques
and reported that all the models manufactured by MJ were accurate [73]. Maurya et al.
compared FDM and MJ technology in terms of form error (flatness, roundness and cylin-
dricity), dimensional accuracy, surface roughness, tolerance grade and cost analysis for an
automotive part (engine connecting rod). They recorded that MJ printed parts have a lower
percentage error along the XY plane, lower average percentage error in circular dimensions,
lower form error and lower surface roughness but higher cost than FDM printed parts [76].

Kim et al. compared SLA, FDM, MJ, SLS, 3DP and LOM technologies in terms
of dimensional accuracy, mechanical properties, surface roughness, printing speed and
cost. They noted that MJ technology is advantageous in terms of tensile strength at room
temperature [88]. Manoharan et al. compared SLA, MJ, SLS and 3DP in terms of surface
finish, dimensional accuracy, materials and printing time for the production of sports
footwear. They concluded that MJ showed the best dimensional accuracy, good surface
finish, reasonable supported materials and short printing time [89]. Li et al. compared
FDM, SLA and MJ technologies in terms of surface roughness, part cost, sustainability
and human perception of surface texture and material colors. They concluded that MJ
printed parts had the lowest surface roughness but the highest environmental impact
and cost [90]. Queral et al. compared dimensional accuracy of SLS, SLA, FDM and MJ
manufactured coil winding structures. They stated that high-quality MJ and FDM achieved
0.1% minimum dimensional accuracy for these parts [91]. Tan et al. compared three
different AM techniques (MJ, FDM and SLS) in terms of dimensional accuracy. They
showed that MJ resulted in the most accurate final part, whereas FDM resulted in the
greatest dimensional deviation from the requirements [92].

One of the ongoing problems for additive manufacturing that needs to be overcome
is the dimensional accuracy. In the comparison studies, it was found that MJ technology
gives higher dimensional accuracy when printing dental models than SLA, DLP and
FFF techniques [71]. Hong et al. compared three different AM techniques in terms of
dimensional accuracy of thyroid cancer phantom parts: FDM, CJP and MJ. They stated that
MJ gave the best results in terms of dimensional accuracy and clinical demands, but its cost
was relatively high [93]. Chen et al. compared reproducibility, dimensional accuracy and
dimensional stability of surgical templates produced by three different AM techniques: SLA,
MJ and direct metal printing. They concluded that MJ printed templates had the highest
accuracy and reproducibility, but their accuracy deteriorated after 1 month of storage [74].
Khaledi et al. compared three different production techniques in metal copings pattern
fabrication: milling, SLA and MJ. They stated that the MJ method has a smaller marginal
discrepancy than the SLA and milling techniques, meaning that MJ gives the highest
accuracy [94]. Dizon et al. compared dimensional accuracy of injected parts from polymer
molds produced by SLA, MJ and FDM technologies. They stated that the surface finish of
SLA and MJ printed parts was excellent and dimensional accuracy of injected parts from
MJ printed molds was higher than from SLA printed molds [77]. Msallem et al. compared
the dimensional accuracies of anatomic mandibular models printed with five different AM
methods: SLS, BJ, FFF, MJ and SLA. They stated that overall trueness analyses were carried
out for SLS, BJ, FFF, MJ and SLA with decreasing trueness [88]. Park et al. compared
dimensional variation in dental casts produced by FDM, DLP, SLA and MJ. They stated
that casts printed by FDM and DLP showed contraction behavior, whereas casts printed by
MJ and SLA showed expansion behavior [95]. Eliasova et al. investigated four different
AM techniques in terms of surface roughness and dimensional accuracy. They concluded
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that MJ samples had fibrous structures and showed higher surface roughness as compared
to other techniques. They also specified that surface roughness over the build direction is
much higher than that over the perpendicular one for MJ samples (Figure 3) [96]. Budzik
et al. compared car mirror holder parts manufactured by MJ, FDM and DLP in terms of
visual control, application of a caliper and application of a contactless optical system. They
stated that the MJ method was the most precise technique [97]. Wesemann et al. compared
the accuracy of occlusal splints produced by SLA, DLP and MJ and concluded that SLA
showed the smallest manufacturing deviations [98].
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3. Applications
3.1. Medical Applications

Due to the aforementioned advantages, MJ technology is utilized in different industries
for different purposes. In the biomedical industry, MJ is exploited for printing hand
protheses by using FullCure 720 material [99]. Manufacturing surgical training models [100]
and printing multi-color bone models can also be achieved, which can potentially be used
as anatomy teaching tools for specific diseases [101]. For example, printing human nasal
sinus anatomy was demonstrated to teach different patients about their medical conditions
and surgical treatment options (Figure 4) [102]. In one of the studies, Khalid et al. compared
mechanical properties of three different types of materials in MJ: VeroWhitePlus (RGD835),
TangoBlackPlus (FLX980) and RigidLightGrey25 (RGD8510-DM) and stated that these
materials can be employed in pediatric head impact scenario investigations [103].

12



Polymers 2021, 13, 2829

Polymers 2021, 13, x FOR PEER REVIEW 11 of 20 
 

 

DM) and stated that these materials can be employed in pediatric head impact scenario 

investigations [103].  

 

Figure 4. (A) CT scan slices of patient nasal cavity, (B) MJ printed model [102]. 

In dentistry, MJ is used for printing implant surgical templates, mouthpiece fixation 

instruments and implant guide production. Kim et al. produced maxilla and mandible 

implant guides with PolyJet, SLA and MultiJet printing (MJP) and stated that PolyJet parts 

had the lowest dimensional variations [63]. Herschdorfer et al. used PolyJet, SLA and MJP 

to produce implant surgical templates and stated that no significant effect was found in 

the accuracy of templates between the three AM processes [64]. Kitamori et al. printed 

mouthpiece fixation instruments used by head and neck radiotherapy patients by MJ. 

They replicated the mouthpieces by applying computed tomography to skull bones and 

produced them by MJ with MED610 material and stated that the templates can success-

fully be implemented in dosimetry [104]. Anunmana et al. produced implant guides with 

MJ, DLP and SLA and stated that MJ printed samples showed the highest 3D dimensional 

accuracy at entry point and apex [65]. Etajuri et al. produced implant guides by applying 

computed tomography to sheep mandibles with MJ. They stated that the dimensional var-

iations are within acceptable limits of 2 mm [105].  

3.2. Mechanical Applications  

In the manufacturing industry, MJ is employed to manufacture plastic injection 

molds (Figure 5) [66,106] provide final parts ready to validate a product [107] and in tool-

ing. Since MJ inserts have a smoother surface finish than direct metal laser sintering 

(DMLS) inserts, they can be utilized without any polishing [108]. 
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In dentistry, MJ is used for printing implant surgical templates, mouthpiece fixation
instruments and implant guide production. Kim et al. produced maxilla and mandible
implant guides with PolyJet, SLA and MultiJet printing (MJP) and stated that PolyJet parts
had the lowest dimensional variations [63]. Herschdorfer et al. used PolyJet, SLA and MJP
to produce implant surgical templates and stated that no significant effect was found in
the accuracy of templates between the three AM processes [64]. Kitamori et al. printed
mouthpiece fixation instruments used by head and neck radiotherapy patients by MJ.
They replicated the mouthpieces by applying computed tomography to skull bones and
produced them by MJ with MED610 material and stated that the templates can successfully
be implemented in dosimetry [104]. Anunmana et al. produced implant guides with MJ,
DLP and SLA and stated that MJ printed samples showed the highest 3D dimensional
accuracy at entry point and apex [65]. Etajuri et al. produced implant guides by applying
computed tomography to sheep mandibles with MJ. They stated that the dimensional
variations are within acceptable limits of 2 mm [105].

3.2. Mechanical Applications

In the manufacturing industry, MJ is employed to manufacture plastic injection molds
(Figure 5) [66,106] provide final parts ready to validate a product [107] and in tooling. Since
MJ inserts have a smoother surface finish than direct metal laser sintering (DMLS) inserts,
they can be utilized without any polishing [108].
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MJ was used to produce intricate 3D pentamode structures from FullCure850 VeroGray
with minimum and maximum ligament thicknesses of 0.71 mm and 1.32 mm, respec-
tively [109]. Honeycomb, re-entrant and auxetic structures was also produced from Full-
Cure850 VeroGray material with MJ technology for crashbox applications [110]. MJ was
used to produce dual-material auxetic metamaterials (DMAMs) to increase the mechanical
properties and stability of metamaterials. For this purpose, DMAMs were produced by MJ
with an accuracy of 0.1 mm from stiff and ductile materials and it was stated that the defor-
mation behavior and Poisson’s ratio of DMAMs in the elastic region were controlled and
buckling in stiff regions was prevented [111]. MJ was also used in biomedical applications
for control and actuation of robots and robot arms by using metamaterials from rubber-like
materials. In one of the studies, it was stated that an inchworm-type soft robot for crawling
through channels was produced by MJ and showed good stability and resilience [112].

3.3. Acoustic Applications

MJ technology is capable of producing parts with different materials and fillers. One of
the applications based on multi-material and filler usage in MJ is producing parts by adding
ceramic and metal materials to increase the acoustic ability of the metamaterials [113–115].
In one of the studies, special cellular thin-walled specimens based on resonant-type coupled
tubes with open-end faces were produced by MJ from VeroWhite 830 material for acoustic
applications where the frequency band ranged from 300 to 600 Hz and it was stated
that MJ printed parts showed two times higher acoustic power absorption capability
than a standard absorber of the same size where a mineral wool layer was covered by a
perforated panel [116]. In another study, a sandwich panel with an MJ printed polymer core,
unidirectional carbon-fiber composite front and back face sheets and translucent epoxy
DP 190 to provide bonding between core and sheets were used. It was stated that this
sandwich panel configuration increased the damping performance by nearly 25% without
any optimization and it was also proposed that this configuration was a good candidate
for pressurized airplane fuselage load-carrying flexural structures [117].

3.4. Electronics Applications

In electronics applications, MJ is also utilized due to its unique properties and ability to
modify MJ printers to obtain needed structures. Jabari et al. developed and characterized a
drop-on-demand piezoelectric–pneumatic material jetting (PPMJ) additive manufacturing
process for the aim of printing graphene-based nanocomposites. The developed method
exhibited a production rate 10 times faster than current extrusion techniques, in which
printing speed reaches about 500 mm/s. As well as the production rate, this technology
provides low resistive parts that can compete with other previously reported extrusion-
based graphene structure printing methods [118]. Zhang et al. developed a polyimide film
for MJ to create an insulating bridge for a circuit. As a result, the produced polyimide film
showed a permittivity level of 3.41 and around 500 ◦C degradation temperature, which
are comparable values to commercially polyimide films [119]. Moreover, MJ technology
was exploited in the production of low-voltage polymer field-effect transistors [120], and
all-polymer capacitors [121].

3.5. Multi-Material Applications

Multi-material additive manufacturing is a promising research topic that provides both
geometrical complexity and material flexibility in one structure. Multi-material production
with MJ requires additional print heads to disperse different materials for curing. Local
changes in the material in a structure cause increased tensile strength, biocompability,
flexibility and visuality with different colors and opacities. Thus, beyond aesthetic uses,
a multi-material product is generally used to increase the energy absorption capabilities
of lattice structures. Wang et al. produced multi-material auxetic lattice structures for
increasing the energy absorption of a structure. Stiff materials were utilized to produce
ligaments that are parallel to the compression direction; however, joints in which premature
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failures occur were fabricated using flexible materials [111]. Moreover, a similar method
was also applied to another auxetic lattice structure with the same purpose [122]. As a
result, the multi-material production capability of MJ provides design flexibility for energy
absorption of structures.

3.6. Other Applications

In the aviation industry, MJ can be used in rapid manufacturing and be used to test
various wing prototype designs for unmanned aerial vehicle (UAV) applications [4] and
to produce wing structures with different types of lattice designs to achieve lightweight
aircrafts [123].

MJ technology appeared in fashion industries for its multi-material production ability.
For instance, a highly textured cape and skirt in Iris van Herpen’s VOLTAGE collection
were MJ printed [124]. Moreover, as an unexpected application area, musical instrument
components [67] were manufactured via MJ, and biocompatible plastic toys [68] were also
produced. Other interesting purposes for MJ technology include production of bellow
actuators [125,126], microfluid mixing devices [127] and devices with integrated porous
structures which are used for colorimetric detection of iron in natural waters and soil [69].
In addition, the technology was also adapted to design and fabricate acoustic metamate-
rial samples with high sound absorption efficiency. Vdovin et al. compared the sound
absorption capability of standard absorbers and MJ printed absorbers. They used an Objet
Eden 350 PolyJet machine and FullCure 720 and VeroWhite 830 materials. Their results
revealed that MJ printed absorbers have a higher sound absorption capability than stan-
dard ones due to 3D printing without distortion of the intended geometry. Additionally,
additional UV polymerization after the build process reduced residual stresses in the
printed samples [116].

Additive manufacturing is associated with the production of complex arbitrary struc-
tures such as lattice structures. MJ technology is also utilized in the production of lattice
geometries to be used in different types of testing instead of selective laser melting (SLM)
technology which has been intensively used in lattice specimen production but the cost
of which is much higher than for polymer-based parts [128]. In one study, MJ technology
was used to evaluate the compressive behavior of triply periodic minimum surface lat-
tice structures [129]. To overcome the limitation, the technology was used to produced
special honeycomb structures in which a solid side wall of the traditional honeycomb
structure can be replaced by a porous side wall, which resulted in improved stiffness and
strength [130]. Composite polymer parts including ferromagnetic reinforcing particles can
also be achieved by developing MJ technology [131].

4. Summary

This review focused on state of art of MJ printing technology, and its advantages
over other technologies and applications. Today, MJ technology is used in very different
industries due to its advantages in producing parts in a relatively short period of time.
A detailed literature review showed that MJ technology results in higher dimensional
accuracy and better surface roughness values than other polymeric material printing tech-
nologies (FDM, SLA, etc.). However, more improvements can still be made by changing the
control variables. As consistently reported in the literature, tray location, post-processing,
material type, layer thickness, surface finish and build orientation have considerable ef-
fects on mechanical properties, surface roughness and dimensional accuracy of the final
part. For surface roughness, it was revealed that the surface finish setting has the most
effect, whereas for dimensional accuracy; however, layer thickness and model scale are the
secondary factors that affect the surface roughness. For better surface roughness values,
glossy finish settings need to be chosen during printing. Studies also showed that parts’
distribution on the tray affects mechanical properties and for higher strength results, part
spacing needs to be decreased. Build orientation also has considerable influence on the
characteristics of the final part and it was stated in the literature that when build orientation
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increases, surface roughness increases and dimensional accuracy and strength decrease.
In the design approach, multi-material prints can be achieved for better or arbitrary me-
chanical performances. Additionally, obtaining different colors in one build enables better
visual designs for different fields in which human perception is necessary.

Based on the findings in the literature, the following research gaps were identified:

• Industrial applications of MJ technology still need further investigation. Especially
in the aviation industry, MJ was used only in small prototype wing applications. Its
potential for aircraft modification purposes where mock-ups are needed for proper
installation is worth investigating.

• MJ technology produces high-quality parts but for higher quality applications, some
post-processing techniques need to be applied. Post-processing of MJ printed parts
needs further investigation.

• Design engineers need some guidelines for proper designs to be manufactured. For
this reason, designs for MJ manufacturing need further investigation.

• Dimensional variations in any production method are very important for proper
installation. The producibility of MJ printed parts has been evaluated in the literature
but, especially for parts used in aviation and automotive industries, producibility and
dimensional variations still needs more attention.
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Abstract: Polymer composites containing ferromagnetic fillers are promising for applications relating
to electrical and electronic devices. In this research, the authors modified an ultraviolet light (UV)
curable prepolymer to additionally cure upon heating and validated a permanent magnet-based
particle alignment system toward fabricating anisotropic magnetic composites. The developed
dual-cure acrylate-based resin, reinforced with ferromagnetic fillers, was first tested for its ability
to polymerize through UV and heat. Then, the magnetic alignment setup was used to orient
magnetic particles in the dual-cure acrylate-based resin and a heat curable epoxy resin system in
a polymer casting approach. The alignment setup was subsequently integrated with a material
jetting 3D printer, and the dual-cure resin was dispensed and cured in-situ using UV, followed
by thermal post-curing. The resulting magnetic composites were tested for their filler loading,
microstructural morphology, alignment of the easy axis of magnetization, and degree of monomer
conversion. Magnetic characterization was conducted using a vibrating sample magnetometer along
the in-plane and out-of-plane directions to study anisotropic properties. This research establishes a
methodology to combine magnetic field induced particle alignment along with a dual-cure resin to
create anisotropic magnetic composites through polymer casting and additive manufacturing.

Keywords: magnetic polymer composites; anisotropic properties; dual-cure resin; polymer casting;
additive manufacturing

1. Introduction

Magnetic composites are fundamental elements in many electrical, electronic and
electromagnetic devices. Mixing magnetic powders with a polymeric binder that bonds
and insulates the powder grains enables manufacturing magnetic composites for a variety
of applications. Advantages of magnetic composites include the ability to be produced
with complicated shapes, high dimensional accuracy, and good mechanical, magnetic, and
physical properties. Magnetic composites are divided into hard magnetic and soft magnetic
composites [1]. Hard magnetic composites, also known as polymer bonded permanent
magnets, find significant applications in motors, sensors and actuators in automation
equipment and medical devices. Common methods utilized to manufacture bonded
magnets include compression molding, injection molding, calendaring and extrusion [2–4].
The properties of magnetic composites depend on the powder particle size and shape, type
of polymeric binder, and the manufacturing process utilized [5]. Field structured magnetic
composites fabricated by applying an external magnetic field during the polymerization
process exhibited high remanence due to local field effects. It was observed that a uniaxial
field produced chain-like particles, and a biaxial field produced sheet-like particle structures
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in the fabricated composites [6]. Composites with magnetostrictive features were developed
using an injection molding method where carbonyl iron particles were field structured in
a thermoplastic elastomer matrix using an electromagnet. It was observed that samples
with aligned iron particles exhibited a higher modulus compared to randomly dispersed
magnetic polymer composites [7].

Functional magnetic composites, magnetic shape memory alloys, magnetic micro
electromechanical systems (MEMS) and magnetic elastomers use a variety of magnetic
materials [8]. Magnetic forces offer an attractive option for actuation in MEMS devices
due to contact-free actuation capabilities. Microscale magnetic actuation capabilities have
led to the implementation in a variety of microfluids and MEMS devices. In the field of
micro-robotics, magnetic forces are used to provide wireless control and power to perform
complex three-dimensional motions. Integration of different magnetic fillers with the poly-
mer resin remains a significant challenge in the fabrication process [9]. Fabrication of micro
magnets using traditional ultraviolet light (UV) lithography and micro-molding techniques
have already been reported in the technical literature. However, technical challenges like
adjusting suspension viscosity for spin-coating processes, particle settling, and precise
control of particle alignment still exist in the fabrication of magnetically loaded polymer
composites for microscale applications [10]. A micro pump with diffuser elements and
an integrated composite magnet was developed using neodymium iron boron (NdFeB)
magnet powder dispersed in polydimethylsiloxane (PDMS) resin [11]. High-performance
NdFeB micro magnets using magnetron sputtering and high power plasma etching tech-
niques have been reported in the technical literature [12]. Using low-modulus membrane
materials, elastic hard magnetic films with the ability to produce bi-directional deflec-
tions in an external magnetic field were created using microfabrication approaches [13].
Mechanically compliant, magnetically responsive micro structures using a ferromagnetic
photoresist containing nickel nanospheres dispersed in photosensitive epoxy resin (SU8)
were fabricated using UV lithography-based approaches [14]. Screen printing was used
as a technique to fabricate strontium ferrite thick films with an easy axis orientation per-
pendicular to the film surface [15]. Hard magnetic films were fabricated by embedding
anisotropic NdFeB particles in a polymethylmethacrylate polymer matrix for MEMS appli-
cations. Fabricated thick films exhibited out of plane macroscopic magnetic anisotropy [16].
The immense capabilities of magnetic field responsive materials in terms of magnetic
actuation, deformation capabilities like stretching, bending, and rotation upon exposure
to magnetic fields, abilities for controllable drug release, and shape memory behavior
have made polymer based magnetic materials a topic of intensive research [17]. Even
though many robust manufacturing approaches exist, new innovations in materials and
manufacturing processes can significantly enhance the performance of many functional
devices. One such fast emerging technology is additive manufacturing, which will be
detailed in the following.

Additive manufacturing (AM) is gaining momentum towards developing bonded
magnets and magnetic composites with a wide range of magnetic particles and polymeric
matrix materials. The fabrication of bonded magnets by adopting material jetting AM
processes with epoxy resin based magnetic pastes was demonstrated in the technical litera-
ture [18–20]. Rheological additives and multimodal magnetic mixtures were utilized to
develop the feedstock materials for material jetting AM processes. A multi extruder 3D
printer was utilized by Yan et al. to fabricate magnetic components for power electronics
applications [21]. Magnetic material formulations developed using UV curable resins
were printed using nScrypt tabletop micro dispensing equipment that enabled the precise
control of printed layer thickness of the deposited material [22,23]. Manufacturing of
permanent magnets using extrusion-based AM of thermoplastic based feedstock materials
has been detailed in the technical literature [24–27]. The ability of thermoplastic materials
to be remelted under the influence of heat enabled conducting in situ magnetic alignment
studies of NdFeB alloy powder reinforced ethylene vinyl acetate co-polymer-based perma-
nent magnets. It was observed that the alignment temperature, magnetic field strength,
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and properties of the polymer matrix influenced the degree of particle alignment [28].
Anisotropic NdFeB/samarium ferrite nitride based bonded magnets were developed
adopting a post printing alignment approach using a vibrating sample magnetometer,
leading to an enhancement in magnetic properties in magnetic field aligned samples [29].
Similar magnetic field aligned bonded magnets were developed using anisotropic Nd-
FeB powder reinforcing a polyamide matrix [30,31]. In-situ magnetic alignment using
an electromagnet integrated with fused deposition modelling equipment was tested on
anisotropic NdFeB/samarium ferrite nitride powders reinforcing a Nylon 12 matrix. It
was found that the degree of alignment was a function of applied magnetic field and
printing temperature [32]. It was additionally noted that alignment studies were primarily
conducted in thermoplastic polymer-bonded permanent magnets.

In this research the authors modified a UV curable acrylate-based prepolymer for
heat-initiated polymerization. An in-house developed permanent magnet-based particle
alignment system aimed to orient magnetic particles within the polymer matrix was tested
with the dual-cure acrylate-based resin and a commercially available epoxy prepolymer.
The epoxy resin was included in the present study as a baseline due to its well-established
material characteristics. Experiments were initially conducted through polymer casting
where 3D printed molds were utilized to hold the liquid prepolymer. The alignment
magnetic jig was further integrated with material jetting based 3D printing equipment, and
the dual-cure acrylate-based prepolymer was used to 3D print magnetic composites. Scan-
ning electron microscopy was employed to observe the distribution of magnetic particles
within the polymer matrix. X-ray diffraction was utilized to evaluate the orientation of the
easy axis of magnetization in the magnetic composites. Samples were tested for in-plane
and out-of-plane magnetic properties using a vibrating sample magnetometer. Findings
from this study are expected to advance the fabrication of anisotropic magnetic thermoset
polymer composites for applications in sensors and other electrical and electronic devices.

2. Materials

For this research, anisotropic Nd2Fe14B (herein abbreviated as NdFeB) powder of
type MQA-38-14 was purchased from Magnequench Inc. (Pendleton, IN, USA). The UV
curable urethane acrylate prepolymer PR48 was obtained from Colorado Photopolymer
Solutions (Boulder, CO, USA). To induce heat-initiated free radical polymerization, the
thermal initiator 2,2′-Azobis(2-methylpropionitrile), generally referred to as AIBN, was
purchased from Sigma Aldrich (St. Louis, MO, USA). For the epoxy resin, EPON 826 with
the aromatic amine curing agent Epicure W were procured from Hexion Inc. (Columbus,
OH, USA). The permanent magnets used to construct the magnetic alignment array, N52
grade NdFeB magnets, were purchased from K&J Magnetics, Inc. (Pipersville, PA, USA).

3. Experimental Methods
3.1. Dual-Cure Resin Formulation Preparation and Testing

Exposing the magnetic particle reinforced prepolymer to UV, due to opacity, resulted
in solidification of only the topmost surface and leaving the underlying material in an
uncured state. This observation motivated the development of a formulation with the
capability to cure under the influence of both UV and heat. A measured quantity of
the thermal initiator was added to the UV curable prepolymer and mechanically stirred
using an impeller. The resultant mixture was allowed to rest for a day prior to adding
the magnetic filler to allow complete dissolution of the thermal initiator. The prepared
prepolymer was transferred to small aluminum cuvettes and subsequently exposed to UV
and further cured at approximately between 50 ◦C to 70 ◦C in a gravity convection oven.

3.2. Fabrication of Magnetic Field Structured Composites Using Polymer Casting and AM

In this study, the ability of a permanent magnet-based particle alignment fixture to
orient magnetic particles in prepolymer formulations was tested. Two different material
formulations namely, NdFeB powder with approximately 80 wt% dispersed in the dual-
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cure acrylate-based resin and the epoxy resin were utilized in this work. Small molds of
dimensions 15 mm by 15 mm by 10 mm, 3D printed using a stereolithography printer, were
utilized to hold the prepolymer formulation during the curing and alignment process. The
oven temperature for curing the epoxy resin was between 60 ◦C to 80 ◦C.

To 3D print the dual-cure resin and develop anisotropic magnetic composites, a
material jetting 3D printer integrated with a magnetic array-based particle alignment
system was developed and utilized. The material jetting device was controlled using the
Labview computing environment (National Instruments, Austin, TX, USA). The sample
geometry, designed using Solidworks (Dassault Systems, Veliz-Villacoublay, France), was
further processed using the open-source software Slic3r to generate the G-code for the
nozzle deposition path. The generated G-code was further modified to accommodate
particle alignment steps after every deposited layer.

3.3. Characterization of Magnetic Polymer Composites

Using scanning electron microscopy (SEM), the morphology of the magnetic particle
reinforced composites was analyzed with a Zeiss Sigma 300 VP field emission scanning
electron microscope (Oberkochen, Germany). The composite samples were cut, polished
and coated with carbon. The latter was accomplished using a Leica EM SCD005 evaporative
carbon coater (Wetzlar, Germany).

Thermogravimetric analysis (TGA) was used as a tool to evaluate the resultant mag-
netic filler loading in the manufactured magnetic polymer composites. TGA was conducted
using a Discovery TGA (TA Instruments, Delaware, USA) from 25 ◦C to 600 ◦C in a nitrogen
atmosphere at a flow rate of 20 mL/min and at a heating rate of 20 ◦C/min.

X-ray diffraction (XRD) analysis was utilized to characterize the orientation of the
easy axis of magnetization in the manufactured magnetic composites. XRD measurements
were performed using a Geigerflex diffractometer (Rigaku Corporation, Tokyo, Japan)
fitted with a cobalt tube as an X-ray source and a graphite monochromator to filter the Kβ

wavelength. Tests were conducted at 38 kV and 38 mA, and the samples were scanned
over 2θs ranging from 30◦ to 70◦ at a rate of 2◦/min.

Fourier transform infrared spectroscopy (FTIR) analysis was conducted to evaluate the
degree of monomer conversion in the composites fabricated using the dual-cure acrylate-
based prepolymer. FTIR analysis was conducted using a Nicolet iS50 spectrometer (Thermo
Fisher Scientific, Waaltham, MA, USA). FTIR spectra were collected over a range from
400 cm−1 to 4000 cm−1 at a resolution of 4 cm−1. The uncured prepolymer was also
characterized to compare its peak intensities with the cured polymers, which is indicative
of the degree of monomer conversion.

The magnetic properties of fabricated composites were measured using a vibrating
sample magnetometer (VSM, Versa Lab, Quantum Design, San Diego, CA, USA), in two
conditions: parallel to the direction of field (in-plane) and perpendicular to the direction
of field (out-of-plane). A small sample piece was sectioned using a handsaw, weighed
and placed in the brass sample holder. For in-plane measurements, samples were secured
between two quartz braces. For the out-of-plane measurement, a small amount of GE 7031
varnish and Kapton tape were also used. The effect of quartz, GE varnish and Kapton tape
on the measurements is negligible. Magnetic hysteresis loops were derived by applying a
magnetic field with a strength of µ0H = ± 3 Tesla at a temperature of 300 K. The magnetic
properties were determined by averaging the values obtained through both magnetization
and demagnetization cycles.

4. Results and Discussion
4.1. Evaluation of Dual-Cure Resin Formulation

UV-curable resin formulations require UV for the reaction initiation step. Free rad-
icals are only generated during UV irradiation which enable reaction propagation and
crosslinking of the monomers. One of the challenges with magnetic particle reinforced UV
curable prepolymers is to achieve complete solidification as a result of polymerization. UV
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curable prepolymers reinforced with magnetic fillers experience lower levels of monomer
conversion due to opacity introduced by the magnetic fillers. In addition to free radical
generation through photochemical methods, a heat-initiated monomer conversion was
introduced by adding the AIBN thermal initiator to the polymer formulation [33]. Initiator
loading fractions ranging from 0.1 wt% to 0.4 wt% were tested. Adding AIBN at 0.4 wt%
to a formulation containing magnetic fillers at 80 wt% was observed to render a cured
magnetic polymer composite. Polymer casting was adopted for the initial trials. The
prepolymer was observed to cure within an hour at temperatures ranging from 50 ◦C to
70 ◦C. A temperature range is indicated to account for any fluctuations within the oven.
Initial results shown in Figure 1 indicate the ability of the material to fully cure through
heat-initiated free radical polymerization. The cured composite was cut and smoothed
using emery cloth for further observations (see photographs in Figure 2) exhibiting some
voids in a solid material.
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reinforced with magnetic fillers.

4.2. Manufacturing Field Structured Magnetic Composites Using Polymer Casting and
Additive Manufacturing

The magnetic alignment setup utilized to develop field structured magnetic com-
posites was composed of a magnetic array with eight cube-shaped permanent magnets
arranged in an orientation to deliver a uniaxial magnetic field. In a previous study, through
the finite element method in magnetics, it was observed that the magnitude of magnetic
flux density produced by the magnetic array was close to 0.3 Tesla [34]. The development
of the uniaxial magnetic field within the magnetic array was further confirmed using
optical microscopy where particle alignment within a magnetic particle reinforced resin
droplet was evaluated [34]. The photograph in Figure 3 shows the setup prepared for
manufacturing field structured magnetic composites. Securing the mold filled with the
magnetic particle reinforced prepolymer was critical as the mold lost its stability within
the magnetic array due to the magnetic forces. The fixture to hold the alignment magnets
in the magnetic array, the mold securing fixture, and the resin holding mold were all 3D
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printed using the Autodesk Ember Digital Light Processing (DLP) 3D printer (Autodesk
Inc., San Rafael, CA, USA). Using this method, magnetic composites with the dual-cure
prepolymer and epoxy-based prepolymer were fabricated and tested.
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Figure 3. Magnetic alignment setup with permanent magnet array used to develop field structured
magnetic composites.

Following the polymer casting trials, the dual-cure resin formulation was utilized to 3D
print magnetic composites using the material jetting AM process. The process parameters of
deposition pressure and speed were adjusted to 3 kPa and 10 mm/s, respectively. Thickness
settings were 0.35 mm for the initially deposited layer and 0.5 mm for subsequent layer
deposition. The photograph in Figure 4 shows a single deposited layer on an acrylic sheet
substrate. Note that UV curing of the deposited layer in conjunction with particle alignment
using the magnetic array was accomplished using ‘manufacturing scenario B’ established
in a previous publication by the present authors [35]. In summary, the process step for each
layer involves (i) material deposition, (ii) magnetic particle alignment for a set time, and
(iii) UV exposure for 60 s. The photographs in Figure 5 show the material jetting equipment
with the in-situ particle alignment system and the UV source for subsequent curing.
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After completion of the thermal cure, the thickness of a single cured layer was mea-
sured using a digital caliper as shown in the photographs in Figure 6. Notably, with
0.84 mm the final thickness for the single-layer sample exceeded substantially the respec-
tive process parameter (0.35 mm). For multilayer samples the process of prepolymer
deposition, particle alignment and UV curing was repeated, followed by thermal curing of
samples. The photographs in Figure 7 show a 3D printed and cured sample consisting of
three layers. The sample was cut and smoothed using emery cloth, leading to a slightly
reduced sample thickness. Again, the measurement indicated in the figure reveals a fi-
nal sample thickness that considerably exceeds the nominal thickness based on process
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parameters (i.e., 1.93 mm > 0.35 mm + 2 × 0.5 mm = 1.35 mm). Clearly, the used process
parameters were not adjusted for print accuracy when using the filler modified prepolymer,
which is considered a task beyond the scope of the work presented herein.
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Figure 7. Appearance and dimensions of a cut and smoothed 3D printed magnetic composite with
three print layers.

4.3. Characterization of Magnetic Polymer Composites

This section details the tests that were conducted to characterize the properties of
fabricated magnetic composites (see Table 1), including composite morphology, filler
loading, monomer conversion and magnetic anisotropy.
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Table 1. List of fabricated and characterized sample types.

Sample Material Manufacturing
Process

Magnetic
Alignment

S1 MQA-38-14 dispersed in
dual-cure prepolymer Material-jetting AM Yes

S2 MQA-38-14 dispersed in
heat-curable epoxy resin Polymer casting Yes

S3 MQA-38-14 dispersed in
dual-cure prepolymer Polymer casting Yes

S4 MQA-38-14 dispersed in
dual-cure prepolymer Polymer casting No

4.3.1. Scanning Electron Microscopy

The morphology of composites consisting of magnetic particles in a polymer matrix
was explored using SEM. The fundamental goal of the SEM study was to identify specific
filler distribution and/or alignment characteristics due to the externally applied magnetic
field. SEM micrographs of magnetic composites taken at two different magnifications are
shown in Figures 8 and 9. In the samples manufactured via polymer casting (S2 and S3)
coupled with the magnetic field source, the SEM images exhibit particles structured in a
specific direction. Arrows included in Figure 9 indicate apparent particle stacking and
alignment. Such striations irrespective of the particle size elucidate the influence of an exter-
nally applied magnetic field. Similar microstructural features for field structured magnetic
composites were observed by Gandha et al. [31] for anisotropic NdFeB powder reinforced
polyamide, where the magnetic filler was aligned using a post printing alignment field
of 1 Tesla. Differences in the apparent degree of particle alignment and stacking between
sample S2 and S3 in Figure 9 are likely related to the prepolymer viscosities. From previous
research it is known that the viscosity of the acrylate-based prepolymer is approximately
0.3 Pa·s whereas the value for the epoxy resin is 7 Pa·s [20,35].
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Figure 9. SEM micrographs of magnetic composites as listed in Table 1. Arrows indicate apparent
particle stacking and alignment.

Alignment or stacking features are not apparent in Figure 9 for the sample fabricated
without application of an external magnetic field source (S4), suggesting an isotropic com-
posite morphology. Referring to sample S1 that was 3D printed using material jetting and
an applied magnetic field source, many particles appear to exhibit structuring similar to
samples S2 and S3, yet the microstructure also exhibits features similar to the isotropic
magnetic composite. Given this ambiguity, it is difficult to confirm whether or not align-
ment or stacking features are due to the externally applied magnetic field or other effects
(e.g., occupied volume effects). It should be mentioned that for the S1 sample the magnetic
particle alignment time was shorter than for the samples produced by polymer casting.
Adjusting the alignment time for 3D printed samples was necessary to mitigate material de-
formation under the influence of the magnetic field because no mold is providing material
containment in this case (as discussed in [35]).

Besides morphological features relating to particles participles, resin rich spaces
and porosities can be observed in the manufactured samples in Figures 8 and 9. These
observations suggest that increased particle loading is feasible and that process adjustments
need to be made to reduce porosity, with the latter being outside the scope of this paper.

4.3.2. Thermogravimetric Analysis

TGA was used to determine the magnetic particle loading in the fabricated magnetic
composites. The thermal resin removal enabled determining the remaining weight of the
sample in the crucible. The experimental data obtained from the TGA tests are depicted in
Figure 10. The step transition temperature for samples S1, S2, S3, and S4 were observed
to be 411 ◦C, 380 ◦C, 407 ◦C, and 413 ◦C, respectively. The percentage weight at 600 ◦C
(end of the test) was taken as the weight percentage of the remaining magnetic filler
material in the polymer composite. Table 2 lists the percentage weight of the residue at
different temperatures obtained from TGA testing. It can be observed that the residue
weight percentage of the magnetic filler exceeds the nominal filler weight fraction of the
prepolymer formulation (80 wt%) by a maximum of about 5%. It is speculated that this
discrepancy is rooted in material handling and manufacturing processes where effects such
as material settling may have led to a slight increase in final filler weight fraction.
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Table 2. Residue weight percentage at different temperatures for composites as listed in Table 1.

Sample Residue wt% at 200 ◦C Residue wt% at 600 ◦C

S1 99.7 83.4
S2 99.8 82.9
S3 99.1 84.1
S4 99.7 82.4

4.3.3. X-ray Diffraction Analysis

X-ray diffraction was used to identify the orientation of the easy axis of magnetiza-
tion in the composites as a result of the externally applied magnetic field. XRD analysis
was conducted only for sample S2 and an additional isotropic sample fabricated using
epoxy as the base prepolymer. In the presence of a magnetic field, a magnetic moment is
generated along the easy axis of magnetization which results in particles interacting and
forming aligned microstructures [35]. First, the magnetic powder was characterized to
identify and confirm the chemical composition. The obtained XRD data was matched to the
Powder Diffraction File reference data for NdFeB (number 00-039-0473). The 2θ incident
angles representing the crystallographic c-axis were identified to facilitate comparisons for
isotropic and anisotropic magnetic composites. Corresponding XRD data for 2θ incident
angles ranging between 30◦ to 60◦ are depicted in Figure 11. From technical literature, it is
understood that for NdFeB an enhancement of intensity of the (006) and (004) crystallo-
graphic plane indicates the orientation of the easy axis of magnetization in the magnetic
composites [36]. Additionally, the disappearance of dominant peaks typically observed for
a magnetic composite with an isotropic particle distribution is seen in Figure 11A. Results
observed herein are congruent with the findings reported in the technical literature for
field structured magnetic composites [31], and hence, an aligned microstructure can be
ascertained for the S2 sample that was exposed to the magnetic field during manufacturing.

4.3.4. FTIR Spectroscopy

FTIR spectra of the developed dual-cure liquid prepolymer and the corresponding
magnetic composite cured by UV and heat are shown in the graph in Figure 12. Note that
the composite sample was in the form of a crushed powder. The obtained spectra were
inspected primarily for reductions in peak intensities (i.e., peak flattening) that directly
correlate to monomer conversion in the polymer composite [37,38]. Signals that correspond
to the carbon double bond (C=C) in the acrylate along the regions 800 cm−1 to 830 cm−1

(=C-H out of plane bend), 1400 cm−1 to 1430 cm−1 (C=C twisting), and 1600 cm−1 to
1660 cm−1 (C=C stretching) were observed to diminish in the cured polymer composite
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compared to the uncured prepolymer, indicating that the composite was cured under the
influence of heat in addition to UV irradiation [39].
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Figure 12. FTIR spectra of uncured liquid prepolymer and cured magnetic composite. Insets indicate
FTIR spectral regions: (A) 1600 cm−1 to 1660 cm−1, (B) 1400 cm−1 to 1430 cm−1, and (C) 800 cm−1 to
830 cm−1.

4.3.5. Magnetic Characterization

Composites reinforced with magnetic particles can be characterized by their magnetic
saturation, remanence, and coercivity. Composites containing hard ferromagnetic particles
should generate sufficient magnetic flux for a given application once they are magnetized,
i.e., energized by applying a magnetic field using electromagnets. However, the properties
of magnetic composites are dependent on microstructure, temperature, and demagnetizing
fields [31]. The graphs in Figure 13 depict hysteresis loops measured using the vibrating
sample magnetometer along the direction of particle structuring (in-plane) and perpendic-
ular to the direction of particle structuring (out-of-plane). The samples fabricated applying
an external magnetic field (S1, S2 and S3) exhibit significant enhancements in magnetic
properties (saturation magnetization, squareness, and coercivity) along the in-plane easy
direction over the out-of-plane direction. The presence of an applied magnetic field can be
clearly seen to result in a preferred magnetization direction and strong anisotropy. This
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magnetic anisotropy is conferred by the preferential alignment of the magnetic filler pow-
ders along the curing applied field, as evidenced in Figures 8, 9 and 11. Field-structured
magnetic composites developed using polymer casting (S2 and S3) exhibited anisotropic
magnetic properties comparable to, or greater than, the isotropic specimen (S4). For the lat-
ter, no distinguishable differences can be ascertained between the in-plane and out-of-plane
hysteresis loops. While the 3D printed sample also exhibits enhanced in-plane properties
over the out-of-plane direction, it needs to be noticed that its properties are lower compared
to the other samples. For example, the remanence to saturation ratio, which characterizes
the degree of anisotropy, was observed to be approximately 0.85 for samples fabricated
using polymer casting and 0.67 for the 3D printed sample. As mentioned earlier, a lower
particle alignment time was employed for 3D printed samples (to mitigate magnetic resin
deformation [35]), which is seen to have caused the somewhat reduced magnetic properties.
Nevertheless, even with the reduced alignment time, the composite exhibited pronounced
anisotropic and in-plane magnetic properties comparable to the other samples.
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Figure 13. Hysteresis loops of magnetic composites as listed in Table 1, measured in sample in-plane
and out-of-plane orientation using a vibrating sample magnetometer.

Data derived from magnetization and demagnetization cycles in the hysteresis graphs
in Figure 13 are reduced to key properties in terms of magnetic saturation (at 3 Tesla),
remanence, and coercivity in the bar graphs in Figure 14. The bar graphs indicate the effi-
cacy of field structuring to achieve higher magnetic properties, i.e., saturation, remanence,
and coercivity for the in-plane direction are consistently higher for samples S2 and S3
compared to the isotropic sample S4. Present observations are congruent to magnetic com-
posites containing field structured particles in a thermoplastic matrix [31,32]. Overall, the
present study validates the effectiveness of field structuring magnetic particles in thermoset
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polymers using a permanent magnet array, enabling an efficient fabrication of anisotropic
magnetic composites for a variety of applications in electrical and electronic devices.
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Figure 14. In-plane and out-of-plane magnetic properties of composites as listed in Table 1, derived
considering magnetization and demagnetization cycles of hysteresis data: (A) magnetic saturation at
3 Tesla, (B) remanence, and (C) coercivity.

5. Conclusions

In this study, magnetic composites with anisotropic and isotropic properties were cre-
ated using two different types of prepolymer formulations, i.e., a dual-cure (via UV irradia-
tion and heat) acrylate-based resin and a commercially available heat curable epoxy. Both
prepolymers were employed in a polymer casting process, while the dual-cure resin was
also utilized in a material jetting additive manufacturing approach. It was demonstrated
that the thermal initiator added to the UV curable prepolymer rendered the formulation
to also be heat curable. A thermal initiator loading of 0.4 wt% was observed to solidify
the prepolymer reinforced with approximately 80 wt% NdFeB magnetic particles. Molds
made using stereolithography 3D printer enabled holding the resin during the magnetic
alignment and thermal curing processes. The developed dual-cure prepolymer formulation
was shown to be 3D printable using in-house developed material jetting AM equipment. It
was observed that the thickness of cured composite layers was greater than what would be
expected for the given process parameters and an unreinforced prepolymer. SEM images
of magnetic composites revealed a material morphology with filler alignment and stacking
features indicating directional orientation of magnetic particles in specimens fabricated
using the polymer casting approach. Irrespective of the type of prepolymer used, the
microstructures were highly similar. Conversely, casting the dual-cure prepolymer without
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the magnetic alignment process resulted in a composite sample with isotropic appearance.
The microstructure of the sample fabricated using material jetting and magnetic alignment
appeared to feature some particle alignment and stacking while also having similarities to
the isotropic morphology. The observed morphology was attributed to a lower magnetic
alignment time utilized in the additive manufacturing approach.

The ability of the permanent magnet array to orient magnetic particles in the pre-
polymer was confirmed through X-ray diffraction analysis where enhancements in peak
intensities corresponding to the alignment of the easy axis of magnetization were observed.
Thermogravimetric analysis enabled determining the magnetic filler loading in the poly-
mer composites by conducting a thermal resin removal. From FTIR spectroscopy, through
observations of peak flattening along the carbon double bond regions, it was confirmed
that the UV curable resin modified with the thermal initiator was polymerized under the
influence of heat.

Composites characterized for magnetic properties using a vibrating sample magne-
tometer revealed an enhancement in magnetic properties along the in-plane direction, i.e.,
the direction of magnetic field structuring, compared to the out-of-plane directions. Mag-
netic saturation within the tested applied magnetic field range, remanence, and coercivity
were all observed to be enhanced along the in-plane direction. Samples with magnetic filler
alignment and fabricated through the polymer casting approach were observed to exhibit
the highest magnetic characteristics. Even though microscopy of the 3D printed sample
did not reveal strong filler alignment, anisotropic magnetic properties were ascertained,
albeit lower than for the samples produced by polymer casting.

This research validated the efficacy of magnetic field induced alignment of a mag-
netic filler for the fabrication of magnetic thermoset composites. The use of a dual-cure
thermoset resin further enabled material jetting additive manufacturing using UV irra-
diation for pre-curing the prepolymer during printing, followed by post-processing via
heat curing to ensure full polymerization of the opaque material formulation. Future work
shall encompass process optimization to further enhance magnetic properties, improve
dimensional accuracy, and mitigate unwanted morphological features such as resin rich
zones and voids. Ultimately, this research has provided a pathway to combine a dual-cure
resin formulation along with magnetic alignment and additive manufacturing to construct
anisotropic magnetic composites for applications in electrical and electronic devices.
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Abstract: This paper proposes a design of novel composite materials inspired by the Peano curve and
manufactured using PolyJet 3D printing technology with Agilus30 (flexible phase) and VeroMagentaV
(rigid phase) materials. Mechanical properties were evaluated through tensile and compression
tests. The general rule of mixture (ROM) for composites was employed to approximate the tensile
properties of the hybrid materials and compare them to the experimental results. The effect of
reinforcement alignments and different hierarchies are discussed. The results indicated that the
5% inclusion of the Peano reinforcement in tensile samples contributed to the improvement in the
elastic modulus by up to 6 MPa, but provided no obvious enhancement in ultimate tensile strength.
Additionally, compressive strengths between 2 MPa and 6 MPa were observed for compression
cubes with first-order reinforcement, while lower values around 2 MPa were found for samples with
second-order reinforcement. That is to say, the first-order reinforcement has been demonstrated more
effectively than the second-order reinforcement, given the same reinforcement volume fraction of
10% in compression cubes. Different second-order designs exhibited slightly different mechanical
properties based on the ratio of reinforcement parallel to the loading direction.

Keywords: Peano curve; composite; PolyJet 3D printing; rule of mixture; multi-material printing;
additive manufacturing

1. Introduction

Fractal patterns exist everywhere in nature in various ways, such as in spider webs,
the Milky Way galaxy, and coastlines. The concept of fractal was first introduced by
Mandelbrot [1] in 1977. He defines it in the book Fractals in Physics as [2]:

‘Fractal is a structure comprised of parts that, in some manner, are similar to the whole
of this structure.’ (p. 250)

Self-similarity, the main attribute of fractal patterns, indicates that the geometry
consists of a unit structure repeating itself in different scales [3]. The self-similarity feature
can be found in many objects, such as Russian matryoshka dolls, the Koch snowflake,
etc. However, fractal structures were not applied to industries until some theoretical
analyses and experiments were conducted recently [4]. Space-filling curves are special
cases of fractal structures, which are characterized by a unique property that, after an
infinite number of iterations, a finite area would be filled with a curve of infinite length.
The most famous space-filling curves include the Peano curve, the Hilbert curve, and the
Moore curve.

In the past two decades, scientists have embraced the study of fractal geometries, with
respect to electronics design (Figure 1a). Studies reveal that fractal-shaped antennas show
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superior properties from their geometrical attributes. The self-similarity characteristic of
fractal patterns contributes to a multiband feature of the corresponding antennas [5–8],
while the high convoluted shape and space-filling properties of certain fractal curves
allow for the reduction of the miniaturization of microstrip antennas, resonators, and
filters [9–12]. These properties show great potential for designing multiband antennas,
frequency-selective surfaces, and reducing the size of antennas. Since fractal geometry was
first introduced to antenna array design by Kim and Jaggard [13], various space-filling curve
designs have been utilised to improve the performance of antennas, including the Peano
curve [14–18], Hilbert curves [14–16,19], the Koch curve [8,20,21], the Gosper curve [22,23],
the Moore curve [10,16], the Sierpinski curve [6,7], the Minkowski curve [24,25], the
Greek cross [16], and combinations of multiple geometries, such as the Peano-Gosper
curve [26–28], the Koch-Sierpinski shape [9,29,30], and the Hilbert-Minkowski pattern [31].
Moreover, the mechanical stretchability of space-filling shaped electronics has attracted
growing interest from researchers to achieve both advanced electronic function and com-
pliant mechanics. Fan et al. [16] demonstrated that fractal-based structures bonded to
pre-strained elastomers enable higher levels of elastic deformation. It was also indicated
that fractal-based layout could provide a strategy to integrate hard and soft materials.
Similar studies were conducted to investigate the stretchability of fractal-based stretchable
electronics [32–35].

In addition to its value in electronics, fractal-based geometry has also been adapted for
novel material design in recent studies. Fractal patterns appear in many natural materials,
such as shells and bones. These natural materials have attracted considerable attention
from scientists due to their excellent mechanical properties. Huiskes et al. [36] claimed that
the fractal morphology of trabecular bone contributed partly to its mechanical efficiency.
Following this theory, Farr [37–39] applied fractal principles to structure designs, showing
the improvement in mechanical efficiency under gentle compressive loading conditions. So
far, many studies have been conducted on fractal-like hierarchical honeycombs regarding
both in-plane and out-of-plane properties [40–49]. In 2015, Meza et al. [50] created structural
metamaterials with exceptional strength, stiffness, and damage tolerance from materials in
which unit cells were organized into a self-repeating geometry. Wang et al. [51] proposed
a Koch-curve hybrid structure as shown in Figure 1b, indicating its energy absorption
capability and lightweight feature. Additionally, fractal-like patterns have also been
demonstrated to be promising in the design of stronger interlockings. Typical examples are
the hierarchical suture joints inspired by ammonite fossils [52] and the 3D-printed Koch
curve interlockings [53]. It was shown that the load-bearing capacity of the interlocking
could be effectively increased via fractal design. Recently, the well-known 3D fractal
structures, which are called Menger Sponge cubes, were 3D printed using direct laser
lithography [54] and demonstrated superior energy absorption ability.

The emergence of additive manufacturing realizes the fabrication of structures with
complex geometries and exceptional engineering properties, which could not be achieved
by conventional manufacturing methods. Recent studies regarding multi-material 3D
printing have demonstrated its superior function in creating structures/materials with
tunable mechanical properties [55]. For example, multi-material fused deposition mod-
elling (mFDM) 3D printing technology was utilised by Zhang et al. [56] to manufacture
functionally gradient composites with user-defined mechanical properties. More studies
have been conducted using material-jetting technology. In 2019, Skylar-Scott et al. [57]
proposed an inkjet multi-material, multi-nozzle 3D printing method to generate origami
structures, using two different viscoelastic epoxy inks for flexible hinges and rigid faces,
respectively. The resulting structures showed the capability during compression in terms
of large deformation in the hinges and multiple folding cycles before failure. Later, Yuan
et al. [58] used PolyJet technology to fabricate composites with two photopolymers, Ver-
oBlack and TangoPlus. According to their study, programmed shape-memory behaviours
were achieved by the 3D printed structures.
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Previous studies have successfully demonstrated the potential of fractal patterns in ma-
terial design, whereas a limited variety of self-similar shapes have been explored. Despite
the fact that multi-material printing exhibits the capability to create structures/materials
with tunable properties, most studies focused on single material design and fabrication.
In this study, we propose a novel design of 3D-printed composites. The hybrid materials
feature a space-filling curve modified reinforcement and are manufactured using PolyJet
3D printing technology. Experiments, microscopy, and analytical models are conducted
to investigate the mechanical properties of innovative materials. The results of this study
provide insight into a continuous-curve-reinforced polymer composite, which has potential
application in biomedical [59], automotive [60], and aerospace engineering [61].

2. Methods
2.1. Material Design and Fabrication

The Peano curve, which was introduced by an Italian mathematician Giuseppe Peano,
was the first space-filling curve to be discovered. The set of curves consists of many orders,
which can be constructed following a sequence of steps as shown in Figure 2a. Considering
mechanical properties and manufacturing issues, all the sharp edges in the original Peano
curves are smoothed using arcs as shown in Figure 2b. Rhino with the Grasshopper plugin
is employed as the CAD software. Figure 2b defines three geometric parameters, i.e., the
side length of a small square (l), arc curvature (k), and diameter (D). Six patterns of Peano
curves are to be investigated in this study with respect to various orientations and different
hierarchies as shown in Figure 2c.
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including control points (red dots), the side length of a small square (l), arc curvature (k), and diameter (D); (c) variants of
Peano curves at different orders to be investigated in this study.

The proposed first order and second order Peano curves are designed to act as a
hard reinforcement, which is embedded in a soft-material matrix in order to investigate
the mechanical performance of 3D-printed composites. Stratasys J750 Digital Anatomy
3D printer, provided by Stratasys Ltd., Rehovot, Israel, is a PolyJet 3D printer and was
used to fabricate all the samples. This printer has four inkjet heads and two UV light
sources, allowing multi-material 3D printing from a wide range of available materials.
J750 is also capable of generating complex geometries with microscopic layer resolution,
down to 0.014 mm. All the samples were manufactured with two different materials,
VeroMagentaV (VMV) and Agilus30 (A30). VMV is a rigid and opaque photopolymer,
while A30 is a rubber-like polymer. VMV is from the family of Vero; available in seven
hues, including blue, white, black, grey, cyan, magenta, and yellow, the Vero family shares
similar mechanical, thermal, and electrical properties. Here, VeroMagentaV is selected to
offer a more saturated and vibrant colour compared to the transparent A30.

So far, no standard of the tensile test has been established for 3D-printed multi-material
structures/materials. In this study, tensile samples are designed according to the ASTM
D638, with variations from the literature [62,63] as shown in Figure 3a. Two categories of
samples are prepared for further analysis. First, homogeneous A30 samples are printed to
capture their individual mechanical properties, thereby providing a reference to composite
materials. Then, six designs of hybrid samples (Figure 3b) are fabricated, with A30 serving
as the matrix of gauge section, and VMV as both the reinforcements and extended sections.
Figure 3b schematically shows the gauge sections of six heterogenous designs, reinforced
with differently orientated and hierarchical Peano curves, including pure vertical first
order, pure horizontal first order, pure vertical second order, pure horizontal second order,
mostly vertical second order, and mostly horizontal second order. The reinforcements are
distributed in three layers at a spacing of 1 mm. All the hybrid tensile structures were
reinforced with VMV at a volume fraction of 5%. Thus, the diameters for the first and
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second order Peano reinforcements are 0.36 mm and 0.212 mm, respectively. Figure 3c
depicts the 3D-printed tensile samples.
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cube; (f) plan views of four different hybrid structures showing the first order reinforcement with a reinforcement diameter
of 2.8 mm and 1.156 mm for all three second order designs; (g) pictures of 3D printed samples (from left to right, corresponds
to case 1 to case 4, respectively).

The compression specimens are designed as cubes with a side length of 30 mm, as
shown in Figure 3e. The cubic matrix is A30, which is reinforced by five-layer VMV Peano
curves at a spacing of 5 mm. Four different infills, with a volume fraction of 10%, are
introduced as shown in Figure 3f,g. The first order Peano reinforcement has a diameter of
2.8 mm, while the second order has a diameter of 1.56 mm.

2.2. Mechanical Testings

In order to investigate the mechanical properties of Peano reinforced hybrid materials,
tensile and compression tests were conducted using the Universal Instron testing machine.
Tensile tests were controlled with a displacement rate of 1 mm/min until a failure happens,
while the uniaxial compression tests were performed with a rate of 1.3 mm/min until
strain reaches 60%. Compression tests were performed from three axial directions (Table 1)
considering the anisotropic property of the cubic designs. Fives samples for each type of
design were tested to minimise the experimental artifacts.

Table 1. Schematic diagrams and experimental pictures showing three different compressive loading directions (taking the
case 2 design as a schematic example).

Loading Direction 1 Loading Direction 2 Loading Direction 3
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2.3. Rule of Mixture for Composites

In order to provide theoretical references for experimental results, the Rule of Mixture
(ROM) was adapted in this study to approximate the elastic properties of composite
materials. Based on different assumptions, both the upper and lower bounds of the elastic
modulus for composites could be found. When the load is applied longitudinally to the
fibre, the ROM defines the highest elastic modulus of the composite according to the
iso-strain assumption:

Ec, max = f E f + (1 − f )Em, (1)

where Ec,min denotes the upper bound of the elastic modulus of the composite; f =
Vf

Vf +Vm

is the volume fraction of reinforcement; E f is the elastic modulus of the VMV reinforcement;
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and Em is the elastic modulus of the A30 matrix. It should be noted that Equation (1) can
also be applied to predict other elastic properties, for example, the ultimate tensile strength.

When the load is applied transverse to the fibre, the lower bound of the elastic modulus
could be estimated using the following equation according to the iso-stress assumption:

Ec,min =

(
f

E f
+

1 − f
Em

)−1

, (2)

where Ec,min denotes the lower bound of the elastic modulus of the composite.
In this study, the theoretical range of the elastic moduli of the novel hybrid materials

is predicted by Equation (1) and Equation (2). The experimental results are expected to sit
in between the range. Additionally, the ultimate tensile strength of the composite materials
is estimated using the ROM by Equation (1). In the next section, the approximations from
the analytical models and experiments are compared with detailed discussions on the
discrepancy.

3. Results and Discussion
3.1. Tensile Test Results and Discussion

Herein, stress-strain curves obtained in tensile tests are presented and compared. Five
specimens for each design were tested and the results are illustrated with details of the
average stress and standard deviation. The elastic moduli and ultimate tensile strengths are
captured from the experiments and then compared to theoretical estimations. Moreover,
crack propagations and fracture surfaces are investigated with representative microscope
images provided.

Figure 4 shows the tensile testing results for pure A30 samples. Despite the slightly
different elongations of the five specimens, the non-linear responses of all five tests are
repeatable. As revealed by Figure 4a, specimen two experiences the maximum stress of
0.94 MPa, while specimen four experiences the least at 0.85 MPa.
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Since A30 is a rubber-like, hyper-elastic material, it is typically not described using
Young’s modulus and Poisson’s ratio [64]. To be more specific, the elastic modulus of A30 is
not constant but changes with strain. In order to approximate the value, the average stress-
strain curve before fracture is divided into eleven segments. Each segment corresponds to
a 10% strain change as shown and numbered in Figure 4b. The stress-strain curve within
each segment is assumed to be linear so that the elastic moduli of A30 could be estimated.
Results from the eleven segments approximate a range from 0.56 MPa to 1.18 MPa for the
elastic modulus of A30.

Figure 4c depicts the failure samples with a magnified picture at the gauge sections.
Fractures are identified to happen at different locations, including the gauge section (speci-
men two and four from left to right), close to the extension part (specimen one and three
from left to right), and also at the interface of two different materials (specimen five). This
phenomenon could ascribe to 3D printing defects.

Figure 5 shows the tensile test results of hybrid case one samples, which introduce the
first order pure horizontal Peano VMV reinforcement into the A30 matrix. The responses
of all five specimens are similar, particularly the elastic deformation stage (strain less than
20%) as suggested by the stress-strain curves in Figure 5a. All specimens experience similar
maximum tensile stress of 1 MPa, approximately.
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An average elastic modulus of 5.14 MPa is captured in Figure 5b. Compared to the
results of homogenous A30 samples, there are improvements in both the ultimate tensile
stress and elastic modulus. As the results imply, the introduction of embedded VMV
reinforcement in hybrid case one contributes to an enhancement in both the tensile strength
and stiffness.

Different from homogenous A30 samples, all the fractures of case one samples are
located in the A30 matrix and near the edge of the gauge section (Figure 5c). In other
words, failure only happens between the edge of the reinforcement and the extension. This
phenomenon could be explained by the non-effective stress transfer between A30 and VMV.
According to the material datasheet provided by Stratasys Ltd., VMV has a much higher
strength and stiffness than A30. As a result, crack would initiate in A30 instead of VMV

46



Polymers 2021, 13, 3516

after the elastic deformation phase. Given the fact that there is no reinforcement existing
near the extensions, these cross-sections are the most vulnerable when subjected to tensile
force. Therefore, the crack initiates and propagates in the matrix near the extension until it
totally fails.

Figure 6 describes the tensile test results on the hybrid case two samples, featuring
the first order pure vertical Peano curve.
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Figure 6. (a) Stress-strain curves obtained from tensile testing tests on hybrid case two (pure vertical first order) samples;
(b) average tensile stress-strain curve and standard deviation of all five testings; (c) pictures of failed tensile samples with
magnification at the locations of fracture.

Similar to hybrid case one, the elastic responses of all five specimens are consistent
(less than 40% strain) as indicated in Figure 6a. An average elastic modulus of 1.64 MPa is
identified in Figure 6b. The elastic modulus of hybrid case two is increased by 0.96 MPa
compared to pure A30, which is attributed to the introduction of reinforcement. However,
hybrid case two is less stiff than case one. Given that both case one and case two have
the same hierarchy and volume fraction of reinforcement, it could be inferred that the
orientation of the Peano curves has a significant influence on the elastic modulus.

As the gaps between the curved reinforcement are bigger than those between the
reinforcement and extensions, the A30 within the reinforcement gaps is more vulnerable.
Therefore, fractures of the second case happen in A30 in between the curved reinforcements
(Figure 6c) rather than near the extensions as in case one. With respect to maximum tensile
stress, all specimens experience similar values of around 0.8 MPa. Unlike the hybrid case
one design, the strength of hybrid case two is lower than pure A30 samples. In hybrid
materials, crack initiates in A30 in between the reinforcement and propagates until getting
close to the reinforcement. In homogenous A30 samples, crack keeps propagating until a
fracture happens since there is no reinforcement at any cross-section. However, the VMV
reinforcement along the loading direction in hybrid case 2 confines the deformation of A30
in the transverse direction. Therefore, the ultimate tensile strength decreases compared to
the homogeneous A30 samples.

The tensile test results of hybrid case 3 samples are exhibited in Figure 7. The stress-
strain curves (Figure 7a) reveal that all specimens experience the same stress roughly before
the strain reaches 10%. The average elastic modulus is captured to be 7.21 MPa as shown
in Figure 7b. Similar to hybrid case one and case two, the inclusion of VMV reinforcement
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in case three improves the structural stiffness of the coupon samples. As indicated by the
comparison between cases one and three, the second order reinforcement contributes more
to the stiffness than the first order reinforcement.
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In the plastic deformation stage, the responses of different specimens are significantly
different as described by the large standard deviation in Figure 7b. Specimen one experi-
ences the largest maximum stress of 1.03MPa, while the others share an average around
0.88MPa. It seems that the inclusion of second-order pure horizontal reinforcement con-
tributes little to the ultimate tensile strength compared to homogenous A30. Additionally,
specimens one and two reach much greater elongations than the rest. It is worth noticing
c that specimen one and two break near the extensions, while the other three fail closer
to the middle of the gauge sections. Different fracture locations are mainly owed to the
manufacturing defects.

Different from smooth stress-strain curves obtained for pure A30, hybrid case one, and
case two, the strongly jagged pattern of stress-strain curves is observed for all case three
specimens in the plastic deformation phase. Once the crack initiates in A30, it propagates
perpendicular to the tensile force direction until it encounters the VMV reinforcement. Due
to the arc design of the Peano curve, the straightening of the reinforcement is involved
first and followed by material stretching. This process leads to a decrease in stress and
a certain amount of increase afterward. Since the reinforcement design in case three is
more complicated than that of case one and case two, cracks happen and develop at more
cross-sections, round after round. Consequently, the stress-strain curves, after the crack
initiation, are wavy until fractures happen.

Similarly, the stress-strain curves (Figure 8a) for the elastic stage are repeatable for
hybrid case four samples. An average elastic modulus of 5.62 MPa is captured (Figure 8b).
Comparing with the homogeneous A30 (0.56 ~1.18 MPa), the design of VMV reinforcement
in case four significantly improves the structural stiffness. Again, the higher elastic modulus
captured for case four than case two demonstrates that the second order reinforcement
contributes more to the stiffness than the first order designs.
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The five specimens experience different ultimate tensile stress, ranging from around
0.75 MPa to 1.1 MPa. Specimen two elongates the least (45%) with the maximum ultimate
tensile stress. As observed from Figure 8c, specimen two fails instead of within the gauge
section but nearly at the interface of the gauge section and extension. That is to say, the
entire gauge section deforms elastically until crack happens at the A30 cross-section close
to the extension. Moreover, the elastic deformation stage of specimen two ends at the strain
of 30%, which is longer than the other four specimens. The plastic response of specimen
two is dominant to A30, thereby resulting in a less jagged stress-strain curve compared to
the others. Differently, cracks happen earlier and develop at the cross-section with VMV
reinforcement for specimens one, three, four, and five. This explains the lower ultimate
tensile stress and wavy stress-strain curves experienced by these four specimens. As the
results demonstrate, the second order pure vertical reinforcement design contributes little
to the ultimate tensile strength.

Figure 9 depicts the tensile test results of the hybrid case five samples, which in-
cludes the second order mostly horizontal Peano VMV reinforcement into the A30 matrix.
The repeatable response before a strain of 10% (Figure 9a) captures an average elastic
modulus of 7.23 MPa (Figure 9b). Comparing to pure A30 (0.56~1.18 MPa), the design
of VMV reinforcement in case five significantly improves the structural stiffness of the
coupon samples.

However, the ultimate tensile stress experienced by all five specimens is not obviously
increased in hybrid case five. As illustrated in Figure 9c, all specimens fail within the gauge
section and at the cross-section with VMV reinforcement. Nevertheless, the elongation of
different specimens varies widely between a strain of 40% to 90%. It could be observed
from the magnified picture of specimen five that no obvious crack happens at other cross-
sections except for the final failure. As a result, specimen five fractures at the smallest
strain. On the other hand, specimen three experiences the greatest elongation of 90% with
many cracks at different cross-sections.
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Figure 9. (a) Stress-strain curves obtained from tensile testing tests on hybrid case five (mostly horizontal second order)
samples; (b) average tensile stress-strain curve and standard deviation of all five testings; (c) pictures of failed tensile
samples with magnification at the locations of fracture.

The tensile stress-strain curves and failed samples of the hybrid case six design are
presented in Figure 10. The elastic stage, corresponding to a strain less than 10%, is quite
repeatable for all specimens (Figure 10a) with an average elastic modulus of 6.95 MPa
(Figure 10b). Obviously, the VMV reinforcement in case six enhances the stiffness of the
coupon samples compared to homogenous A30. The elastic moduli of case four and case
six are very close, owing to similar reinforcement alignments (orientation and hierarchy).

The five specimens experience different ultimate tensile stress as well as elongations.
Specimen one reaches the highest fracture strain of more than 90%, while its ultimate stress
is the smallest among all at 0.82 MPa. On the contrary, specimen four exhibits the highest
strength at 1.01 MPa and goes through the least elongation. Furthermore, specimen four
fails near the extension whereas others fail within the gauge section at the cross-section
containing reinforcement (Figure 10c). The wavy patterns of all stress-strain curves could
be explained by the crack propagation from A30 to VMV as mentioned before. Different
fracture locations are likely to result from manufacturing defects within the gauge section.

Herein, Table 2 compares the final experimental results with the analytical predictions
on elastic modulus and ultimate tensile strength of the hybrid materials. Figure 11a
schematically summaries the responses of materials subjected to tensile loadings. Data
regarding VMV is adopted from Tee et al. [62] to help better understand the mechanical
properties of the novel hybrid materials.

50



Polymers 2021, 13, 3516

Polymers 2021, 13, x FOR PEER REVIEW 14 of 22 
 

 

than the latter. Results demonstrate that the second order reinforcement designs are more 
effective than the first order despite having the same volume fraction (5%). In addition, 
hybrid case three and case five exhibit the highest stiffness among all. It can be concluded 
that the second order pure horizontal and the second order mostly horizontal reinforce-
ment are the most effective designs in terms of stiffness enhancement. 

 
Figure 10. (a) Stress-strain curves obtained from tensile testing tests on hybrid case six (mostly vertical second order) 
samples; (b) average tensile stress-strain curve and standard deviation of all five testings; (c) pictures of failed tensile 
samples with zoom-in at the locations of fracture. 

With regard to ultimate tensile strength (UTS), Table 2 reveals that there is no obvious 
improvement in hybrid materials compared to homogenous A30. Particularly, the rein-
forcements in case two and case four contribute negatively to UTS. This phenomenon is 
attributed to the reinforcement along the tensile force direction that confines the trans-
verse deformation of A30 in the gauge section. Hybrid case one exhibits the highest tensile 
strength, whereas all specimens fail at the cross-section without any reinforcement. The 
results indicate that the coupon sample design of case one could not transfer the stress 
from the A30 matrix to VMV reinforcement effectively. Moreover, experimental results 
are lower than the theoretical estimations due to manufacturing defects in samples. Even 
though the improvement in tensile strength is not remarkable by the inclusion of rein-
forcement, a clear upward trend of UTS is identified with the increasing ratio of reinforce-
ments parallel to and perpendicular to the loading direction. 

  

Figure 10. (a) Stress-strain curves obtained from tensile testing tests on hybrid case six (mostly vertical second order)
samples; (b) average tensile stress-strain curve and standard deviation of all five testings; (c) pictures of failed tensile
samples with zoom-in at the locations of fracture.

As revealed by the table, elastic moduli obtained from experiments are within the
analytical prediction ranges but much closer to the lower bounds. All the hybrid materials
exhibit higher elastic moduli than homogeneous A30, indicating the positive effect of
VMV reinforcement embedded in the A30 matrix. For the hybrid materials with the same
hierarchical reinforcements, the higher ratio of the reinforcement parallel to the loading
direction and perpendicular to the loading direction leads to a higher elastic modulus.
However, it is not applicable to materials with different order reinforcements. Samples
reinforced by the first order Peano curves (case one and case two) yield smaller elastic
moduli than the second ones (case 3–6), even though the ratio for the former ones is higher
than the latter. Results demonstrate that the second order reinforcement designs are more
effective than the first order despite having the same volume fraction (5%). In addition,
hybrid case three and case five exhibit the highest stiffness among all. It can be concluded
that the second order pure horizontal and the second order mostly horizontal reinforcement
are the most effective designs in terms of stiffness enhancement.
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Post-mortem analysis of tensile samples was conducted using an optical microscope. 
Fracture surfaces, top, bottom, and side views of failed samples were studied to under-
stand the crack propagation and failure patterns. 

Representative microscope images are shown in Figure 11b,c. As we can see from 
Figure 11b, cracks happen in A30 and stop near the VMV reinforcement in one of the case 
two specimens. It is a result of the higher stiffness and strength of VMV than that of A30. 
The digital microscope images (Figure 11c) exhibit the uneven fracture surfaces of hybrid 
structures, which are captured for all other specimens as well. As revealed by the top view 
of the bottom half specimen (Figure 11c), small black lines and dots could be observed 
near the right extension. These are identified as the crack initiation points, which are 
caused by the stress concentration from the curved design of the Peano reinforcement. 
Then, the cracks propagate in the A30 matrix and form into a continuous crack, such as 
the long wave-shape black line shown in the top half of the specimen in Figure 11c. Addi-
tionally, no obvious delamination is captured at the A30/VMV interface, which indicates 
a reliable combining of the two different materials. 

 

 

Figure 11. (a) Comparisons of tensile stress-strain curves of homogenous A30 (Agilus30), VMV (VeroMagentaV), and six
hybrid designs (plan views of gauge sections for different hybrid cases are shown on the right); (b) microscopic images (50×
magnification) taken from the top and side views of the case 2 specimen, showing the cracks happening in A30 stopping
near VMV reinforcement; (c) microscope images (50× magnification) taken from fracture surfaces, top and side views of
case 5 specimen, showing the uneven fracture surfaces, crack initiating points, and crack distributions.

With regard to ultimate tensile strength (UTS), Table 2 reveals that there is no obvious
improvement in hybrid materials compared to homogenous A30. Particularly, the rein-
forcements in case two and case four contribute negatively to UTS. This phenomenon is
attributed to the reinforcement along the tensile force direction that confines the transverse
deformation of A30 in the gauge section. Hybrid case one exhibits the highest tensile
strength, whereas all specimens fail at the cross-section without any reinforcement. The
results indicate that the coupon sample design of case one could not transfer the stress from
the A30 matrix to VMV reinforcement effectively. Moreover, experimental results are lower
than the theoretical estimations due to manufacturing defects in samples. Even though
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the improvement in tensile strength is not remarkable by the inclusion of reinforcement, a
clear upward trend of UTS is identified with the increasing ratio of reinforcements parallel
to and perpendicular to the loading direction.

Post-mortem analysis of tensile samples was conducted using an optical microscope.
Fracture surfaces, top, bottom, and side views of failed samples were studied to understand
the crack propagation and failure patterns.

Representative microscope images are shown in Figure 11b,c. As we can see from
Figure 11b, cracks happen in A30 and stop near the VMV reinforcement in one of the case
two specimens. It is a result of the higher stiffness and strength of VMV than that of A30.
The digital microscope images (Figure 11c) exhibit the uneven fracture surfaces of hybrid
structures, which are captured for all other specimens as well. As revealed by the top view
of the bottom half specimen (Figure 11c), small black lines and dots could be observed near
the right extension. These are identified as the crack initiation points, which are caused
by the stress concentration from the curved design of the Peano reinforcement. Then, the
cracks propagate in the A30 matrix and form into a continuous crack, such as the long
wave-shape black line shown in the top half of the specimen in Figure 11c. Additionally,
no obvious delamination is captured at the A30/VMV interface, which indicates a reliable
combining of the two different materials.

3.2. Compression Test Results and Discussions

The results obtained from compressive tests are summarised in Figure 12, with com-
parisons made in three loading directions and among different hybrid materials.

Generally, the stress developed in all VMV reinforced hybrid samples is remarkably
higher than that in homogenous A30 samples according to Figure 12a–c. The result
indicates that the inclusion of the VMV Peano curve strengthens the A30 matrix regardless
of loading directions. With regards to different reinforcement hierarchies, it could be
observed that the composite materials with the first order reinforcement (case one) yield a
higher compressive strength than the second order materials (case 2–4). This phenomenon
ascribes to a larger diameter of reinforcement in the hybrid case one design (2.8 mm) than
the other cases (1.56 mm), given the same volume fraction of 10% for all. It is also worth
noticing that the responses of case two, case three, and case four are relatively similar for
all three loading directions. It is caused by their similar amount of reinforcement at the
cross-section perpendicular to the compression force.

As compressive cubes are designed anisotropic, compressive properties of four dif-
ferent hybrid cases are studied in different directions as shown in Figure 12d–g. The
results elucidate that all hybrid cubes exhibit the lowest compressive strength subjected
to loading direction one. Since Peano reinforcements lie in five-layers perpendicular to
the compressive loading direction one, the amount of VMV material in the corresponding
cross-section is the least among all three directions. For hybrid case one, the highest com-
pressive strength (5.55 MPa) is captured in loading direction two and the second highest
is found in loading direction three (3.68 MPa). This can be explained by the amount of
reinforcement along the loading directions, which restrains the transverse expansion of
A30 and thereby increases the strength. For the other three hybrid cases with second order
reinforcement, there is only a slight difference between the compressive strength in loading
direction two and loading direction three. As the hierarchy of reinforcement increases from
first order to second order, the amount in the difference of reinforcement both lying along
or perpendicular to loading direction two and loading direction three becomes very small.
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Figure 12. Stress-strain curves of different material designs, obtained from uniaxial compressive testings from (a) loading 
direction one (LD1); (b) loading direction two (LD2); (c) loading direction three (LD3). Comparisons of compressive stress-
strain curves from three different loading directions for (d) design case one (pure horizontal/vertical first order); (e) design 
case two (pure horizontal/vertical second order); (f) design case three (mostly horizontal second order); (g) design case 
four (mostly vertical second order). (h) high resolution images (first row) and microscope images (bottom row) of case 
one, hybrid cube (pure horizontal/vertical first order) after compression from loading direction one. High resolution im-
ages show the cross-section A and B, from which cracks were found in the A30 matrix rather than A30/VMV interface. 
Microscope images show uneven fracture surfaces. 
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Peano curves yielded higher stiffness. This was attributed to the higher elastic mod-
ulus of VMV compared to A30. Consistent with the hypothesis, the elastic moduli 
obtained from tensile tests were within the range approximated from the rule of mix-
ture (ROM) for composites. 

• Hybrid tensile samples, which were designed with the second order Peano reinforce-
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Figure 12. Stress-strain curves of different material designs, obtained from uniaxial compressive testings from (a) loading
direction one (LD1); (b) loading direction two (LD2); (c) loading direction three (LD3). Comparisons of compressive
stress-strain curves from three different loading directions for (d) design case one (pure horizontal/vertical first order);
(e) design case two (pure horizontal/vertical second order); (f) design case three (mostly horizontal second order); (g) design
case four (mostly vertical second order). (h) high resolution images (first row) and microscope images (bottom row) of
case one, hybrid cube (pure horizontal/vertical first order) after compression from loading direction one. High resolution
images show the cross-section A and B, from which cracks were found in the A30 matrix rather than A30/VMV interface.
Microscope images show uneven fracture surfaces.

To investigate the failure pattern of compression cubes, high resolution pictures and
optical microscope images are taken to capture the fracture surfaces of failed samples.
As compression samples are not broken into pieces, a bandsaw is used to cut the failed
specimens in half along the compressive loading directions. Figure 12h shows the fracture
surfaces of the hybrid case one specimen after compression from loading direction one. The
high-resolution images of cross-section A and B, in the top row, clearly show the existence
of wavy cracks in the A30 matrix. Supportive information is provided by the microscope
images of the fracture surfaces (bottom row of Figure 12h). Transparent A30 is observed
on top of VMV (bottom left image in Figure 12h), indicating the existence of a crack in
the matrix rather than any debonding of A30/VMV. The results imply that the interface
between two different materials is relatively strong. Furthermore, a concave surface is
captured in A30 after the compression (bottom right image in Figure 12h). The reason
behind this phenomenon is the same as the wave-shape cracks observed in tensile samples.
To be more specific, it is caused by the stress concentration in the A30 matrix due to the
curved design of VMV reinforcement.

4. Conclusions

In this paper, we designed novel composite materials inspired by the Peano curve.
PolyJet 3D printing technology was used to fabricate samples with Agilus30 (A30) and Vero-
MagentaV (VMV). Mechanical properties were evaluated by mechanical tests, analytical
predictions, and optical microscopy. Herein, the following conclusions are made:

• Compared to homogenous A30, all the hybrid tensile samples reinforced with VMV
Peano curves yielded higher stiffness. This was attributed to the higher elastic mod-
ulus of VMV compared to A30. Consistent with the hypothesis, the elastic moduli
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obtained from tensile tests were within the range approximated from the rule of
mixture (ROM) for composites.

• Hybrid tensile samples, which were designed with the second order Peano reinforce-
ment, generally had a higher elastic modulus than tensile samples with the first order
Peano reinforcement. It can be concluded that the second order reinforcement designs
were more effective than the first order ones in terms of stiffness enhancement. For
the hybrid tensile designs with the same reinforcement hierarchy, the pure horizontal
alignment of reinforcement always provided a higher stiffness than the pure vertical
designs owing to a higher ratio of reinforcement parallel to the tensile force.

• Regarding ultimate tensile strength, the improvement of hybrid designs compared to
homogenous A30 was not obvious. Hierarchy and alignment of Peano reinforcements
seemed to have little influence on the tensile strength as the stress could not be
transferred effectively from matrix to reinforcement. However, an increasing trend
of UTS could be witnessed with the growing ratio of reinforcements parallel to, and
perpendicular to the loading direction. Experimental results were much lower than
theoretical predictions due to the 3D manufacturing defects.

• The introduction of VMV Peano reinforcement in the A30 matrix resulted in higher
stiffness and strength of the compression cubes. The first order reinforcement exhib-
ited the best performance in all three directions among four different designs. The
responses of three different second order designs were similar under compression.

• The second order compression cubes exhibited similar properties in loading direction
two and loading direction three, due to the similar amount of reinforcement in all
three cases along the compressive force.
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Abstract: The additive manufacturing (AM) applications have attracted a great deal of interest with
regard to experimental aerodynamic studies. There is a need for a universal roughness scale that
characterizes different materials used in aerodynamic research. The main purpose of this paper is
identification of the potential of a material jetting AM process to produce accurate aerodynamic
surfaces. A new methodology to evaluate the roughness of aerodynamic profiles (airfoils) was
proposed. A very short-span wing artifact for preliminary tests and a long-span wing model were
proposed for design of experiments. Different artifacts orientations were analyzed, maintaining the
same surface quality on the upper and lower surface of the wing. A translucent polymeric resin was
used for samples manufacturing by polymer jetting (PolyJet) technology. The effects of main factors
on the surface roughness of the wing were investigated using the statistical design of experiments.
Three interest locations, meaning the leading-edge, central, and trailing-edge zones, on the upper and
lower surfaces of the airfoil were considered. The best results were obtained for a sample oriented at
XY on the build platform, in matte finish type, with a mean Ra roughness in the range of 2 to 3.5 µm.
Microscopy studies were performed to analyze and characterize the surfaces of the wing samples on
their different zones.

Keywords: additive manufacturing; polymers; material jetting; 3D printing; airfoil; aerodynamic
model; design of experiments; surface roughness

1. Introduction

Additive manufacturing (AM), known also as 3D printing, represents a key tech-
nology in the implementation of Industry 4.0 [1], based on its ability to fabricate highly
complex and lightweight components directly from computer-aided design (CAD) files,
saving time, cost, and effort. Additive manufacturing’s applications have attracted interest
within many fields, such as the transportation industry, health sector, energy sector, and
consumer production.

Seven categories of AM processes are defined by ISO/ASTM 52900-15 [2] standard
based on the different joining techniques of materials to make parts from 3D model data,
as follows: vat photo-polymerization (VP), binder jetting (BJ), material extrusion (ME),
material jetting (MJ), sheet lamination (SL), powder bed fusion (PBF), and directed energy
deposition (DED). One of the most accurate AM processes is MJ [3]. Material jetting pro-
cesses, which include polymer jetting (PolyJet) and multi-jet printing (MJM) technologies,
can be defined as a technique that selectively deposits droplets of material and cured them
onto a build platform.

The main materials types used in the seven individual AM processes described by
AM standards are polymers, ceramics, metals, and composite materials. Polymers became
very popular in AM being used in the most of the AM processes and targeting a variety of
applications [4].
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The AM applications for experimental aerodynamic studies have attracted much
interest within the aerospace, automotive, and wind energy sectors. Thus, the aerodynamic
parts obtained by AM are used for testing in a wind tunnel or as final components for
UAVs (unmanned aerial vehicle), drones, wind turbines, and small aircrafts. The main
requirements of an aerodynamic part are the light weight, a smooth surface, and good
mechanical characteristics.

Surface roughness is an important factor in aerodynamics that can significantly influ-
ence the fluid dynamics and the heat transfer [5]. The roughness of the wing skin increases
the skin friction drag, which is one of the parasite drag components [6]. Three factors cause
the parasite drag of an aerodynamic vehicle (e.g., an aircraft): the aircraft’s shape, construc-
tion type, and material. Parasite drag is split into three types: form drag, interference drag,
and skin friction drag. The skin friction coefficients are sometimes based on experimental
data for flat plates with various amounts of roughness. An inhomogeneous surface rough-
ness distribution on an unmanned aircraft wing after many hours of flight was determined
in [7]. It was mentioned that the initial roughness of the wing manufactured by a classical
method not by additive manufacturing was 2 µm. The anisotropic influence of the winds
during the flight, over the wing geometry, and the interferences between fuselage and wing
were factors that increased the roughness.

Preliminary studies about additive manufacturing by the PolyJet process of airfoils
for aerodynamic tests were performed in [8], but the quality of the airfoil surface was not
investigated. The experimental coefficient of lift and drag of a NACA 2412 airfoil made
by selective laser sintering (SLS) technology was studied in [9], but the surface roughness
study was not carried out. Olasek et al. [10] evaluated a symmetrical NACA0018 airfoil
model made by different materials and 3D-printing methods and concluded that surface
roughness influences the aerodynamics characteristics of the airfoil. They also mentioned
that the surface roughness is low for multi-jet modeling (MJM), moderate for SLS, and high
for fused deposition modeling (FDM), but a range of roughness values were not mentioned.
The rotor blades of a wind turbine rotor 3D printed by FDM technology were tested in
wind tunnel by [11], but the surface roughness characterization was not performed. A
UAV model was developed and manufactured using the binder jetting process by Junka
et al. [12] for wind tunnel testing. This aerodynamic model was built by plastic powder and
binder and then post-processed in order to obtain a good quality surface, but roughness
investigation was not performed. These works demonstrated that 3D printing significantly
changes the approach to experimental aerodynamics.

Three main tasks are significant to evaluate AM systems and processes for standard-
ization and implementation in the industry: the performance characterization of the AM
processes, AM part characterization, and AM system capability [3]. The main test meth-
ods for AM parts characterization are focused on mechanical properties [13–15], surface
aspects [16,17], and dimensional geometry requirements [18]. Based on artifacts or cus-
tomized models [19–21], the performance of the AM process can be investigated. The basic
characterization of an AM system can be achieved via geometric accuracy [20], surface
finish [21], and minimum feature sizes of the artifact [19]. The standards related to AM do
not dictate a specific measurement method of artifacts features [22].

The surface quality of the AM parts was investigated in many studies mainly focused
on the surface roughness determination [21,23–25]. The main factor that affects the surface
roughness in different AM processes is the deposition layer thickness. It was reported based
on experimental study that components generated through material jetting technology have
superior surface quality than material extrusion components [26]. Additive manufacturing
processes that use very thin layers deposition reduce the surface roughness, improving the
surface quality. PolyJet technology, using deposition layers of 16 µm [27,28], significantly
reduce the surface roughness of the parts. Part orientation on the built platform influences
the surface roughness of the AM part [29]. Many studies have investigated it for different
AM processes. An optimal part orientation achieves good results [30]. In addition, the
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surface roughness of the 3D-printed parts can be affected by external factors. Thus, a
wearing analysis about PolyJet parts was performed in [31].

Some studies examined the material properties’ characterization, process parameters,
dimensional, and geometrical characterization of material jetting, but a lack of knowledge
around the aerodynamic parts such as airfoils was found. There is also a need for a universal
roughness scale that can describe every type of roughness for different materials used in
aerodynamic studies. Thus, printing quality (surface roughness) is an important aspect
when the parts are meant for the aerodynamic tests. Based on the AM standards, there is
no general “best practice” to perform the measurements in AM, especially for aerodynamic
surfaces (e.g., airfoils and wings).

The main aims of this article are to define a methodology for evaluating the surface
quality of aerodynamic surfaces and to identify the potential of the material jetting AM
process to produce accurate aerodynamic surfaces (e.g., airfoils and wings). A case study
regarding polymer jetting process and its materials validates the proposed methodology.

2. Materials and Methods

The main objective of the proposed methodology is to evaluate the performance of
an additive manufacturing process to produce aerodynamic artifacts. This methodology
includes screening design of experiments (DOE) for a very short aerodynamic artifact and
confirmatory experiments using a long aerodynamic artifact, which is followed by analysis
and interpretation of the results, as is shown in Figure 1. The aerodynamic artifacts that
were analyzed in this paper were airfoils and wings. Airfoil is a cross-sectional shape of an
object whose motion through a fluid (e.g., air) is capable of generating significant lift force
and a small drag force.

Figure 1. Flowchart of the proposed methodology of investigation of the surface quality of aerody-
namic models produced by additive manufacturing.
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The target of the experiments is the surface roughness of the aerodynamic models
obtained by an AM process. From aerodynamic considerations, the surface roughness
of the upper and lower surface of the airfoil should have similar values. Therefore, the
airfoil should be optimally positioned on the built platform to achieve it. In addition, the
orientation of the part on the build platform influences the printing time and materials
consumption. These parameters influence the total price of the 3D-printed part.

2.1. Aerodynamic Artifacts, Design of Experiments, and Simulations

Two types of aerodynamic artifacts were designed using the SolidWorks version 2016
software (Dassault Systèmes, Waltham, MA, USA), a very short-span wing (VS-SW) model
denoted airfoil and a long-span wing (L-SW) model denoted wing. Both aerodynamic
artifacts are designed using an asymmetrical airfoil such as NACA 8410 airfoil, with a
chord length of 85 mm and taper ratio of 1 (Figure 2). Some basic terms related to airfoil
are upper curve, lower curve, and chord line, as shown in Figure 2. The aerodynamic
artifacts are designed with a span of 10 mm for the VS-SW model (Figure 3) and 200 mm
for the L-SW model (Figure 4), respectively. The main characteristics that allow defining
the locations on the wing are wing lower and upper surfaces, inboard and outboard of the
wing, and three distinct zones: the leading edge, central, and trailing edge (Figure 4).

Figure 2. Terminology of asymmetrical airfoil curve—NACA 8410.

Figure 3. The very short-span wing model (airfoil).
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Figure 4. The long-span wing model.

The VS-SW artifact is used for preliminary tests as screening design of experiments.
Screening design of experiments is used to reduce a large set of factors, and usually, multiple
replicates are not used. If a prediction model is searched for, using multiple replicates can
increase the precision of the model. In this case, usually a minimum five replicas are used.
In addition, the resources can dictate the number of replicates if the experiment is costly.

The preliminary experiment about the surface roughness investigation of the airfoil
was designed [32] by choosing the control factors that affect the surface quality and their
levels. There are many factors that affect the surface roughness in additive manufactur-
ing [21]. The selection of the control factors depends on the particularities of the additive
manufacturing process and the artifacts’ geometry. The following control factors that affect
the surface quality were taken: airfoil orientation, surface finishing type, airfoil surface,
and interest location. Details about the control factors and their levels are shown in Table 1.

Table 1. Control factors and their level.

Level Target Airfoil Orientation 1 Surface-Finishing
Type Airfoil Surface Interest Location

Symbol Symbol Value Symbol Value Symbol Value Symbol Value

1
Ra

1 XY 1 Matte 1 upper 1 Leading-edge zone
2 2 YX 2 Glossy 2 lower 2 Central zone
3 - - - - - - 3 Trailing-edge zone

1 Only the aerodynamic artifact orientations that allow obtaining a similar roughness distribution on the upper
and lower surface of the airfoil were considered.

The airfoil orientation on the build platform is considered a two-level factor with basic
orientations of parallel and perpendicular to the scanning direction (called XY and YX,
respectively). The condition to keep the same surface quality on the upper and the lower
surface of the airfoil was taken into consideration for airfoil orientations. The orientation of
the AM build platform coordinate system was defined based on the ISO/ASTM 52921-13
standard [33]. The layout of artifact orientations on the build platform is shown in Figure 5.
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Figure 5. XY and YX orientations of the airfoil artifact. The first symbol indicates the longitudinal
direction on the printing table and the second one indicates the transverse direction.

Three interest locations for surface quality (roughness) investigations, meaning leading-
edge, central, and trailing-edge zones, on the upper and lower surfaces of the airfoil were
proposed based on aerodynamics considerations.

One distinctive factor of PolyJet technology is the surface finishing type. Matte and
glossy finishing are the levels of finish type. A thin layer of support material is applied
around the surface of the part in matte finish printing. It allows obtaining a uniform surface
of the part. In the case of the parts printed in glossy finish type, the support material is
deposited only on the bottom surfaces of the part, and the upper surfaces are glossy.

A general full factorial design with 24 factor combinations was performed to be able
to investigate the influence of the control factors (Table 1) on the surface roughness of the
airfoil. A statistical analysis of the data was performed for the airfoil, investigating and
characterizing the effects of control factors and their interactions on the surface roughness
of the airfoil. The analysis of variance (ANOVA) approach using a generalized linear
model (GLM) was used. The statistical analysis was performed using the Minitab 17
software (Coventry, UK) [34]. The statistical indicators p-value and F-value determined in
the ANOVA table indicate the significance of the results.

Based on the best-case scenario obtained from preliminary tests, a confirmatory ex-
periment about roughness investigation was performed using the L-SW artifact. The span
of this artifact is larger than the span of the VS-WS artifact. This larger wingspan is a
factor that influences the manufacturing time of the wing in different orientation on the
build platform.

Thus, some simulations of the AM process are required in order to minimize the
manufacturing time and material consumption. The building time and the quantity of
the model and support material were determined by simulation in Objet Studio software
(Stratasys, Rehovot, Israel), as shown in Table 2. From the analysis of the simulation, the
following conclusions can be drawn:

• The lowest building times were obtained in the case of XY matte and XY glossy
orientation. The lowest time was obtained in the case of XY glossy, but different
quality of the upper and lower surface of the airfoil was observed based on the
support material influence on the lower surface.

• A medium time was obtained in the case of YX matte and YX glossy orientation.
• For the ZX and ZY orientation, a high building time was obtained, the highest being

obtained for the ZY orientation.
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Table 2. Estimated 3D-printing parameters for different orientation on the build platform of the
L-SW model.

Wing
Orientation

Surface
Finishing Type

Building Time
(hour:min)

Model
Consumption

(g)

Support
Consumption

(g)

XY matte 1:38 172 97
glossy 1:34 170 81

YX matte 3:16 177 102
glossy 3:13 174 86

ZX matte 10:59 187 99
glossy 10:56 175 35

ZY matte 22:46 215 127
glossy 22:40 202 59

Four orientations of the wing on the build platform (Figure 6) resulted to be candidates
that can be taken into consideration, keeping the same quality of the upper and the lower
surface of the wing.

Figure 6. Simulations of the L-SW model in different orientation: (a) XY glossy; (b) YX matte; (c) ZX
matte; (d) ZY matte.

Based on the simulations and the results obtained from the preliminary experiment
(screening DOE), an optimal 3D-printing configuration for airfoils manufactured by Poly-
Jet technology was determined to be XY matte. Five samples of wing in this optimal
3D-printing configuration were manufactured. The experimental surface roughness distri-
bution on the long-span wing was analyzed.
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2.2. Process Specification

All the samples (VS-SW and L-SW) were converted into standard triangle language
(STL) files, imported into Objet Studio version 8.0.1.3 software (Stratasys, Rehovot, Is-
rael), and manufactured using the Objet EDEN 350 PolyJet machine (Stratasys, Rehovot,
Israel) [35]. The STL file conversion tolerances were set to a deviation of 0.01 mm and an
angular tolerance of 4 degrees.

The materials known as FullCure 720 as model material and FullCure 705 as support
material, supplied by Stratasys, were used to fabricate all samples. The composition
of the Objet Fullcure 720 resin consists of acrylic monomer, urethane acrylate oligomer,
epoxy acrylate, and photoinitiator. The main properties of Objet Fullcure 720 resin, also
known as RGD720, are shown in Table 3 [36]. The support material, FullCure 705 resin,
consists of acrylic monomer, polyethylene glycol 400, propane-1, 2-diol, glycerol, and
photoinitiator. Diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide is the photoinitiator
used in UV treatment, as mentioned in [37]. The water contact angle of FullCure 720
material was investigated in [38], and it concluded that the Fullcure 720 is hydrophilic,
with average contact angles of 81.0◦. A Fourier transform infrared spectroscopy (FTIR)
analysis of a material from the same acrylic family as FullCure720 was performed in [39].
They concluded that the spectrum shows that the material is acrylic based, (C=O) at
1721 cm−1.The chemical and physical characterization of polymers used in the PolyJet
process will be investigated in a future work. The polymers characterization should follow
a route as mentioned in [40].

Table 3. Objet FullCure 720 properties [36].

Property ASTM Metric

Tensile Strength D-638-03 50–60 MPa
Elongation at Break D-638-05 15–25%

Flexural Strength D-790-03 60–70 MPa
Rockwell Hardness Scale M 73–76 Scale M
Water Absorption D-570-98 24 h 1.5–2.2%

Polymerized Density ASTM D792 1.18–1.19 g/cm3

The Objet EDEN 350 PolyJet machine works on polymer jetting technology that is
derived from drop-on-demand (DOD) inkjet technology [41]. Basically, the process consists
of depositing layers of resins that are 0.016 mm thick, which are leveled by a roller and
hardened by ultraviolet (UV) light. The main PolyJet process parameters were temperature
of around 72◦ Celsius of the print heads and the photopolymer resins and a vacuum of
6.2 atm applied in the print heads. The experiments were performed under a controlled
laboratory temperature of 20◦ Celsius and relative humidity of 30%.

Only the specimens printed in matte finishing (Figure 7) were post-processed by
pressure water jet to remove the support material that surrounded the parts.

Figure 7. Specimen printed in matte finishing surrounded of support material.

2.3. New Measurement Strategy for Surface Roughness of Airfoils

The roughness measurement strategy for an airfoil includes two tasks: establish the
measurement areas of interest and apply filters (i.e., the cut-off length). The filters were
chosen based on DIN EN ISO 4288 standard [42]. The Gauss-filtered measurements were
set up as follows: an evaluation length of 12.5 mm and a cut-off value of 2.5 mm.
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A new roughness measurement strategy of the wing is proposed, which consists of
evaluating the surface roughness in three interest locations meaning leading-edge, central,
and trailing-edge zone, on upper and lower surfaces of the airfoil (Figure 8). The interest
locations were denoted “A” for the leading-edge zone, “B” for the central zone, and “C”
for the trailing-edge zone, as is shown in Figure 8. In the case of the long-span wing,
three sections denoted 1, 2, and 3 placed along the span wing were taken into considera-
tion for the roughness measurements. One measurement section was considered for the
VS-SW artifacts.

Figure 8. Measurement scheme of the airfoil roughness. Surface roughness measurement of the
upper surfaces.

A Surtronic 25 contact surface roughness tester (Hoofddorp, The Netherlands) from
Taylor Hobson was used to perform the measurements. The contact surface roughness
tester was calibrated before performing the measurements. Profile measurements were
repeated five times on each location of the airfoil surface, and the mean value was taken.
The surface roughness Ra (the arithmetic mean deviation) was evaluated. The variability
caused by the roughness measurement device was investigated, and data were processed
within Minitab 17 software (Coventry, UK) using Gage R&R study [43].

A quality inspection through a microscopy study of the airfoils was performed using a
Mitutoyo TM-1005 B optical-digital microscope (Mitutoyo, Kawasaki, Japan) with a digital
micrometer head.

3. Results

The results of the performance of PolyJet process on the Objet EDEN 350 Poly-
Jet machine to produce aerodynamic artifacts were analyzed taking into account the
following considerations:

• The experimental surface roughness distribution on the upper and lower surface of
the airfoil printed in two different quality modes and different orientations on the
build platform;

• Surface quality issues of airfoil samples;
• The experimental analysis by microscopy of airfoils printed in different orientation;
• Results of statistical analysis.

All artifacts of the very short-span wing were manufactured in 2 h and 14 min, using
39 g of model material and 27 g of support material. The processing time for each long-
span wing printed in XY orientation (best-case scenario) was 1 h and 38 min, and the
consumption was 172 g of model material and 97 g of support material.
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3.1. The Experimental Surface Roughness Analysis on Airfoils

Surface roughness distribution along the very short-span wing (airfoil) determined
from experiments is shown in Figure 9.

Figure 9. Surface roughness (Ra) distribution of the airfoils: glossy XY, glossy YX, matte XY, and
matte YX.

The experimental roughness (Ra) values of the airfoil printed in matte finish were
found in the range of 1.06 to 3.62 microns for the YX orientation and 1.74 to 2.46 microns for
the XY orientation, as shown in Figure 9. The roughness of the artifacts printed in glossy
finish presented higher values than the matte finish artifact, in the range of 5.72 to 11.3
microns for the XY orientation, and 6.4 to 8.68 microns for the YX orientations (Figure 9).
Similar quality of the upper and lower surface of the airfoil was found in the mentioned
range both for matte and glossy printed samples.

The lowest and relatively uniform roughness (Ra) was obtained for the airfoils printed
in matte mode in the XY orientation. This is a reason why the L-SW experimental wings
are printed in matte finishing mode.

3.2. Results of Statistical Analysis

The roughness tester variation based on the Gage R&R [43] study was much smaller
than the variation of the surface roughness of the 3D-printed parts, proving the repeatability
of the measurement system, as is mentioned also in [21].

From the ANOVA table (Table 4), the surface finishing type and the interest location
are the significant factors that have a higher influence on the Ra roughness of the airfoils,
taking into account their p-values. In addition, only the factor surface finishing type showed
Fexp values greater than the critical F-value of 0.1% at α = 0.001. Thus, the results were
significant at the 0.1% significance level. The percentage contributions ratios for all the
factors are presented in Table 4. The most significant factor on the roughness parameter
(Ra) was the surface finishing type, which explained 82.86% of the total variation. The next
contribution on Ra came from the interest location, with a contribution of 4.46%. The airfoil
orientation and airfoil surface factors have no important effect on roughness parameter
(Ra), which is based on a higher p-values and low percentage contribution (PC%).
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Table 4. The percentage contribution ratio based on generalized linear model (GLM).

Source DF Seq SS Seq
MS Fexp F0.1% p PC (%)

Airfoil orientation 1 1.955 1.955 1.15 15.37 0.299 0.07%
Surface finishing type 1 214.503 214.503 125.66 15.37 <0.001 82.86%

Airfoil surface 1 0.137 0.137 0.08 15.37 0.781 0.005%
Interest location 2 11.548 5.774 3.38 10.38 0.057 4.46%

Error 18 30.726 1.707 11.86%
Total 23 258.869 100%

The evaluation of the influence of the control factors on the surface roughness (Ra)
was performed through graphical analysis. The following graphs were obtained based on
the statistical results, the main effects plot, interaction effects plot, and interval plot of Ra
versus each factor.

The main effects for surface roughness were the airfoil orientation at level 1 (XY), the
finish type at level 2 (glossy), and the interest location at level 3 (trailing-edge zone), as is
shown in Figure 10. It is obvious that the factors surface finishing type, interest location,
and their interaction had a significant influence on the surface roughness, as shown in
Figures 10 and 11.

Figure 10. Main effects plot for surface roughness Ra.
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Figure 11. Interaction effects plot for surface roughness Ra.

The interval plots with standard error bars of each factor versus the roughness (Ra)
are shown in the graphs from Figure 12. The difference between the means for Ra in the
surface finishing type was significant because the interval bars did not overlap, as is shown
in Figure 12a. While the means appear to be different, the differences for Ra in the airfoil
orientation and airfoil surface were probably not significant because the interval bars easily
overlapped (Figure 12b,d). The interest location (Figure 12c) had an influence on Ra, and
it seems that at the central zone of the airfoil, the mean of Ra was lower, while for the
leading-edge and trailing-edge zones, the mean was higher.

Figure 12. Individual standard deviations were used to calculate the intervals plot of surface roughness
(Ra) versus (a) surface finishing type, (b) airfoil surface, (c) interest location, and (d) airfoil orientation;
bars are standard errors of the mean.
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3.3. Tests Results about Long-Span Wing

The results of the statistical analysis of the L-SW data show that the coefficients of
variation for all the wing regions are lower than 10%, which assures the data heterogeneity
and expresses the repeatability of the experiments, as shown in Table 5. The coefficient of
variation (CV) is a measure of spread that describes the variation in the data relative to the
mean. The standard error of the mean estimates the variability between samples, whereas
the standard deviation measures the variability within a single sample.

Table 5. Statistics of wing surface roughness Ra for five samples.

Airfoil Region Mean Roughness Ra
[micron]

Standard Deviation
[micron]

Coefficient of
Variation [%]

A_upper_surf 2.47 0.225 9.08
B_upper_surf 1.86 0.089 4.82
C_upper_surf 2.22 0.131 5.9
A_lower_surf 2.43 0.221 9.09
B_lower_surf 1.80 0.090 5.02
C_lower_surf 2.22 0.094 4.25

The highest values for the surface roughness of the wing were found on the leading
edge of the airfoil. This can be explained taking into accord that the angle between the
wing surface and the horizontal plane is around 25◦, as confirmed by the reference [21].
The smallest Ra values are found on the central zone of the wing, which could be considered
a near-horizontal surface.

The interval plots of the surface roughness of the wing are in the range ±0.1 micron for all
samples (Figure 13). Individual standard deviations were used to calculate the interval plot.

Figure 13. Interval plot of surface roughness for airfoil regions (matte XY orientation); bars are one
standard error from the mean.

3.4. Quality Inspection of Airfoil Surface Based on Visual Inspection and Microscopy Analysis

Visual inspection and microscopy study were performed to analyze and characterize
the surfaces of the samples in their different zones.

Surface errors on PolyJet-printed parts in glossy mode were determined in some stud-
ies [21,25]. Thus, rough surface areas were observed on the surface of the cylindrical parts
printed on the Objet EDEN 350 perpendicular to the scanning direction [25]. In addition,
horizontal steps marks [21] were visually observed on the flat faces oriented at 75◦ and 85◦

relative to the XOY plane. However, no visual flaws were detected on the vertical flat walls
printed in the glossy style.

Based on visual inspection, two types of errors (rough surface areas) on the vertical
walls of the airfoils (VS-SW) printed in glossy mode were determined (observed), as is
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shown in Figure 14. The first error consisting in vertical stripes on the airfoil surface was
observed on the surface perpendicular on the scanning direction (X-axis direction) of the
3D printer. These were caused by the lower resolution of 0.042 mm in the X-direction
and Y-direction compared to 0.016 mm in the Z-direction. The “vertical stripes” errors are
predominant on the airfoil artifact printed in the XY orientation. The glossy sample printed
in the YX direction presents a surface with a great density of points, which results in a
homogeneous texture. There were no defects detected on the airfoils surface printed in
matte mode, as is shown in Figure 15.

Figure 14. Comparative study of the airfoil surface in different interest locations for glossy XY (upper)
and glossy YX (lower): (a) leading edge; (b) central zone; (c) trailing edge.

Figure 15. Comparative study of the airfoil surface in different interest locations for matte XY (upper)
and matte YX (lower): (a) leading edge; (b) central zone; (c) trailing edge.

In the XY-direction orientation, fewer nozzles of the printer head are used compared to
the YX orientation, as is shown in the partial views from Figure 16. Each nozzle deposits a
train of droplets of resin grouped in a cylinder shape, and the level Z cylinders form a layer.
Cylinders are similar to long fibers within composite materials. It can be seen that within
the layers, the XY specimens have longer but fewer fibers than the YX specimens [14].
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Figure 16. VS-SW specimens with partial views indicating the layers of cylinders for the different
print orientations: (a) matte XY; (b) matte YX; (c) glossy XY; (d) glossy YX.

There are more intersections between cylinders from the layers and airfoil surface in
the YX orientation. In addition, each intersection could be approximated as a circular shape
of very small size, which confers a homogeneous texture, confirming the experimental ob-
servations (Figure 17b). In the case of XY orientations, the intersections between simulated
layers (e.g., the lateral surface of the cylinders) and airfoil surface leads to straight vertical
stripes (Figure 17a). These vertical stripes are more pronounced in the glossy printed
mode based on an increased UV exposure. In the matte finishing, a theoretical 3D model
is difficult to be drawn because, an additional support material layer is deposited on the
airfoil surface, which allows obtaining a uniform texture.

Figure 17. Theoretical texture of the airfoil surface: (a) glossy XY; (b) glossy YX.

The microscopy analysis study was performed for quality inspection of airfoil surfaces.
All the surfaces of the matte specimens are affected by the material support. Very small
inclusions of the support material were detected on the surface of these specimens even
after post-processing by cleaning with a pressure water jet.

The texture of matte specimens is shown in Figure 18c,d. Specimens printed in glossy
mode present different kind of texture depending on their orientation. There can be seen a
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homogeneous airfoil surface for the glossy YX specimen (Figure 18). The width values of
vertical stripes (Figure 18a) detected on the glossy XY specimen were in the range 0.213 to
0.386 mm, which were measured within the microscopy analysis.

Figure 18. The texture of the airfoil surface: (a) glossy XY; (b) glossy YX; (c) matte XY; (d) matte YX.

Semi-transparent surfaces were detected for the specimens printed in glossy mode.
The lateral shape of the airfoils was analyzed, especially on the leading edge and the trailing
edge of the airfoil (Figures 19 and 20). A rounded edge was detected around the airfoil
curve. This is represented by a black border (Figure 19a,b and Figure 20a,b) in the case of
glossy type. In addition, the edges of the airfoils printed in matte mode are rounded, as
shown in Figure 19c,d and Figure 20c,d.

Figure 19. Lateral surface view of the airfoil on the leading-edge zone: (a) glossy XY; (b) glossy YX;
(c) matte XY; (d) matte YX.
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Figure 20. Lateral surface view of the airfoil on trailing edge zone: (a) glossy XY; (b) glossy YX;
(c) matte XY; (d) matte YX.

The smooth curve of the airfoil was detected for matte-printed specimens (Figure 19c,d
and Figure 20c,d). The airfoil curve of glossy specimens presents some deviations from the
theoretical profile in the lower part of the trailing edge, as is shown in Figure 20a.

4. Conclusions

There is a need for a universal roughness scale that can describe every type of rough-
ness for different materials used in aerodynamic studies. This paper contributes to the
characterization of the surface quality (roughness) of airfoils and wings made by the mate-
rial jetting AM process. The new methodology based on aerodynamic interest locations
and DOE can be used to characterize aerodynamic parts build by AM processes.

The following conclusions can be drawn:

• Material jetting is a quick and simple additive manufacturing process to produce
aerodynamic models from polymers.

• The proposed methodology may assess the aerodynamic surface quality in a simple
way based on a measurement scheme of roughness on airfoils.

• An inhomogeneous surface roughness distribution on an airfoil was obtained by
PolyJet technology using an EDEN 350 system, which can be explained by differ-
ent surface slopes on the airfoil zone such as the leading edge, central zone, and
trailing edge.

• Based on preferential orientations on the build platform, a similar quality of the upper
and lower surface of the airfoil was found, both for matte and glossy-printed samples.
This could be a beneficial advantage for future aerodynamic studies.

• The experimental roughness (Ra) values of the airfoil printed in PolyJet matte finish
were found in the range of 1.06 to 3.62 microns for the YX orientation and 1.74 to 2.46
microns for the XY orientation. The roughness of the airfoils printed in glossy finish
presented higher values than matte finish airfoil, in the range of 5.72 to 11.3 microns
for the XY orientation and 6.4 to 8.68 microns for the YX orientation.
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• The disadvantage of the glossy finish includes some surface quality issues as rough
surface areas on the airfoil surface, which were determined by visual inspection,
microscopy, and theoretical studies.

• The most influential factor on airfoil surface roughness for the PolyJet process was
surface finish type, which was determined from DOE investigation.

• Based on the simulations and the results obtained from the screening DOE, an optimal
3D-printing configuration for airfoils manufactured by PolyJet technology was deter-
mined to be XY matte. In addition, the microscopy studies showed that the airfoils
printed in matte mode present a homogeneous surface.

Additional study could investigate the dimensional accuracy of the airfoils built by
3D printing, using quality control tools such as the 3D-scanning technique [44]. In addition,
future research will investigate other AM processes and materials that can be candidates
for airfoils and wings manufacturing based on the proposed methodology.
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Abstract: Surgical reconstruction of extensive tracheal lesions is challenging. It requires a mechan-
ically stable, biocompatible, and nontoxic material that gradually degrades. One of the possible
solutions for overcoming the limitations of tracheal transplantation is a three-dimensional (3D)
printed tracheal scaffold made of polymers. Polymer blending is one of the methods used to produce
material for a trachea scaffold with tailored characteristics. The purpose of this study is to evaluate
the mechanical and in vitro properties of a thermoplastic polyurethane (TPU) and polylactic acid
(PLA) blend as a potential material for 3D printed tracheal scaffolds. Both materials were melt-
blended using a single screw extruder. The morphologies (as well as the mechanical and thermal
characteristics) were determined via scanning electron microscopy (SEM), Fourier Transform In-
frared (FTIR) spectroscopy, tensile test, and Differential Scanning calorimetry (DSC). The samples
were also evaluated for their water absorption, in vitro biodegradability, and biocompatibility. It is
demonstrated that, despite being not miscible, TPU and PLA are biocompatible, and their promising
properties are suitable for future applications in tracheal tissue engineering.

Keywords: thermoplastic polyurethane; polylactic acid; trachea scaffold; 3D filament

1. Introduction

Tracheal injury can result from several conditions, including cancer, infection, trauma,
or congenital anomalies. The conventional indication for therapy in severely injured
tracheas of any aetiology is partial or full reconstruction, which necessitates the substitution
of a graft or scaffold at the site of the lesion [1,2]. Unfortunately, even though there are a
few treatment options available such as natural grafts or synthetic replacement, no optimal
material has met the criteria. The limitations for natural grafts include the availability of
donors and the unmatched size of donor grafts. According to the Organ Procurement &
Transplantation Network, United States Department of Health and Services, the number
of patients on the national transplant waiting list until July 2019 for all organ types has
increased to more than 100,000. Out of this number, two-thirds are above the age of 50,
while almost 2000 are below the age of eighteen and only one-third of the total numbers
received organ transplantation [3]. In addition, the natural grafts derived from donors are
challenged by the possibility of severe immune-rejection risks and complications caused
by infection or disease from the donor-to-patient [4]. On the other hand, synthetic scaffolds
are commonly associated with the biocompatibility of the scaffold material, inadequate
mechanical properties, and biodegradability over time. In addition, other problems (such
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as availability for mass production with easy fabrication and the need for the size of the
trachea should be custom-made to patients) persist [5–7].

Synthetic materials such as biodegradable polymers are gaining attention as materials
in tissue engineering due to their broad processability window where the macro- and
microstructures, mechanical properties, and degradation time can be easily manipulated
and controlled. Scaffolds are fabricated and manipulated through various techniques
to produce high precision, which suits the application. Some of the techniques used in
the fabrication of tracheal scaffold using biodegradable materials that have been tested
in animal models are electrospinning [8], thermally induced phase separation [9], and
three dimensional (3D) printed technology (additive manufacturing) [10,11]. However,
the choice of material and design for tracheal scaffold fabrication remains a challenge. To
meet the selection criteria, many requirements must be fulfilled. For example, the scaffolds
must create a suitable 3D niche for the cells to grow, proliferate, and differentiate, and
should not elicit an immune reaction that can trigger a severe inflammatory response that
might reduce healing or cause rejection by the body [12]. In vivo, the scaffold functions as a
temporary framework that degrades over time which is eventually replaced by the body’s
cells. Therefore, the degradation rate should match the rate at which the cells produce their
cellular matrix, while the by-products released should be innocuous and eliminated safely
through the body system [13]. Similarly, sufficient mechanical integrity of the implanted
scaffold is required to allow for physiological functionality starting from implantation until
the completion of the remodelling process.

Additive manufacturing (AM), also known as three-dimensional (3D) printing, has
been used to fabricate tissue-engineered constructs. According to the ISO/ASTM standard,
AM is defined as the “process of joining materials to make parts from 3D model data,
usually layer upon layer” [14]. The AM is significantly different from traditional formative
or subtractive manufacturing. It is the closest to ‘bottom up’ manufacturing, in which
a structure can be built into its intended shape using a layer-by-layer technique. This
layer-by-layer manufacturing technique enables unprecedented precision and control for
constructing complex, composite, and hybrid structures. The four key components in AM
include a digital model of the object, materials that are consolidated from the smallest
possible form, a machine for laying materials, and a digital control system for the machine
to lay the materials layer-by-layer to form a complex structure with customizable shape,
size, and internal architecture [15–17]. The 3D fabrication of a tracheal scaffold has been
reported in several preclinical studies using different types of polymeric materials such as
polylactic acid [18] and polycaprolactone [19,20].

Thermoplastic polyurethane (TPU) is a polymeric material that can be manipulated,
moulded, and produced through heating in various industrial processes. Polyurethane is
composed of three materials; a diisocyanate, a chain extender and a macrodiol (or polyol)
which are linked to form linear, segmented copolymers consisting of alternating hard and
soft segments. The soft and flexible segment is derived from polyols such as polyester,
while the rigid and hard segment is formed from the diisocyanate and chain extender [21].
TPU exhibits a broad range of mechanical properties across a wide range of temperatures
due to the various ratios of soft to hard segments. As a result of its excellent physical
properties and biocompatibility, it is widely used in biomedical applications, particularly
in flexible uses such as blood vessels [22–24], catheters [25,26], and cartilage [27,28].

Polylactic acid (PLA) is a semi-crystalline polymer that belongs to the α-hydroxy acid
family, derived from renewable sources such as corn, potatoes, sugarcane, and beets. It is
classified as an aliphatic polyester because of the ester bonds that connect the monomer
units, the lactic acids [29,30]. PLA and its copolymers have become one of the most atten-
tively studied components in the biomedical field because of their excellent biological and
mechanical properties, biodegradability and processability. Hence, it has wide applications
such as medical implants, sutures [31], bone fixation screws [32], and drug delivery sys-
tems [33]. However, biodegradable PLA exhibits little to no elastic behaviour and is not
favoured for applications requiring high flexibility or deformation in situ. Furthermore,

82



Polymers 2021, 13, 3087

the inherent hydrophobicity and slow degradability of PLA slightly impede its application
in biological systems [34].

Blending two or more polymers is a common physical modification approach to
enhance the existing properties of both materials to customize the desired properties for
a particular application [34–36]. The blending technique has been utilized to overcome
the limitations of the physical properties of polymers and has resulted in materials with
novel properties such as shape memory and morphology that are not present in the
parent polymers. These materials can be moulded into various structures, including films,
porous scaffolds, fibres, filaments, and particles, depending on the intended application,
with properties tuned for use in a variety of biomedical applications. Polymer blending
facilitates the efficient and cost-effective modification or improvement of a polymer’s
properties, thereby minimizing the significant costs and efforts associated with research
and development of new polymers or copolymers. The blending techniques used are melt
extrusion, foaming, electrospinning, and compression moulding [34,35].

Several biodegradable polymers that have been used to fabricate a tracheal scaf-
fold are polylactic acid (PLA), polyglycolic acid (PGA), polylactide-co-glycolide acid
(PLGA) [37–40], polypropylene [41,42], polyethylene terephthalate [43], high-density
polyethylene (HDPE) [44], and polycaprolactone (PCL) [45–48]. Most of these polymers are
used in combination with other synthetic or natural materials to enhance their properties.

Despite a large amount of research into various biodegradable polymers, clinical
performance has yet to satisfy theoretical expectations. As a result, there is currently no
clinically feasible solution for patients with long segmental airway problems. Therefore, an
ideal synthetic scaffold that is biocompatible, timely degraded, and eliminated by the body
system with appropriate and physical-mechanical qualities that can be easily replicated
when needed (and is maybe individually custom-made to prevent prosthesis failure) is
required. This study investigated the physical blending of two materials to obtain the
optimum mechanical properties while retaining the material’s superior inherent properties.
Additionally, it aimed to evaluate the physical and mechanical properties of a series of TPU
and PLA blends, which will be used to produce filaments for 3D printing for tracheal tissue
engineering. The TPU/PLA blended matrix, a combination of soft material TPU and rigid
material PLA, is expected to act as an artificial ECM by possessing suitable mechanical
strength and flexibility between the TPU and PLA.

2. Experimental
2.1. Materials

TPU Estane 58,311 NAT 028 (Brussel, Belgium); PLA NatureWorks, 2002D was pur-
chased from NatureWorks LLC (Minnesota, MN, USA) with a specific gravity of 1.24 and a
melt index of 5.0–7.0 g/10 min (2.16 kg loads at 210 ◦C).

2.2. Methods
2.2.1. Fabrication of Polymer Blends’ Filaments via Melt Extrusion Technique

Prior to extrusion, the pellets of both polymers were dried in a 60 ◦C oven for 12 h.
Then, the extrusion of fibres was performed using a Brabender (Duisburg, Germany) single
screw extruder with a 1.75 mm die, operated according to the manufacturer’s instructions.
A total weight of 100 g was used for each composition based on their weight percentage
ratio (TPU: PLA) and coded as 100/0, 90/10, 80/20, 70/30, 60/40 and 0/100, respectively.
Next, both materials were manually premixed via tumbling in a plastic zip-lock bag before
melt-compounding. Once optimised, the temperature of the single screw extruder was set
at 170◦ to 205 ◦C (±5 ◦C), the rotation speed was at 40 (±5) rpm, and the mixture was fed
for melt compounding. Finally, the filaments were pelletised and hot-pressed into dumbbell
shapes and 10 mm × 10 mm square samples, allowing for various characterisation methods.
The TPU filament was produced using TPU pellets only in the same manner as other blends.
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2.2.2. Characterisation of Polymer Blends
Fourier Transform Infrared (FTIR)

FTIR spectra were obtained in a reflective absorbance mode on a Perkin Elmer spec-
trometer (Waltham, MA, USA) with a constant spectral resolution of 4 cm−1, in the range
of 4000 to 550 cm−1, and after 16 scans. The reported spectra were analysed quantitatively
using Perkin Elmer Software (Waltham, MA, USA) version 10.

Differential Scanning Calorimetry (DSC)

Thermal property analyses were carried out using a Differential Scanning Calorimetry
(Mettler Toledo, Greifensee, Switzerland). In standard aluminium pans, about 10 mg
of the samples were from room temperature to 250 ◦C at a rate of 20 ◦C/min and held
isothermally for 5 min to exclude all previous thermal history. After cooling at 5 ◦C/min to
−80 ◦C at a rate of 10 ◦C/min, samples were heated again at 20 ◦C/min to 250 ◦C. All of
the experiments were conducted under a nitrogen atmosphere.

Mechanical Testing

The mechanical properties of all blends were conducted in tensile uniaxial mode using
an Instron universal testing machine model 3366 (Norwood, MA, USA) at a crosshead
speed of 5 mm/min according to ASTM D638. The samples analysed were 60 mm × 5 mm
in size, with a thickness of around 1.0 mm. The slope of the straight-line stress-strain curve
was used to calculate the Young’s Modulus (YM) of the polymer blends and the effects of
tensile strength and percentage of elongation at break. The mean and standard deviation
of five measures were used to calculate all results.

Scanning Electron Microscope (SEM)

SEM images were captured using a tabletop SEM (Hitachi, Tokyo, Japan). The cross-
sectional surfaces were obtained from a tensile examination of a broken dumbbell. Before
microscopy experiment, all specimens were sputtered with a thin layer of gold.

Water Absorption Study

The water absorption test was performed on 10 mm square samples according to
ASTM D570. The samples were dried at 60 ◦C for 24 h to achieve a stable weight. The dried
samples were weighed and placed in the test plate wells, prewetted with PBS solution
before filling with 5 mL of PBS, pH 7.4 at 37 ◦C. The samples were incubated and tested
at 8, 24, 48 and 72 h. The excess water was carefully removed with tissue paper, and the
samples were re-weighed. Water absorption was calculated based on the amount of water
absorbed according to Equation (1):

Water absorption (%) =
Wwet − Wdry

Wdry
× 100 (1)

For each composition, three specimens were examined to achieve an average value.

In Vitro Degradation Study

PBS soaking tests were used to mimic the hydrolytic degradation activity of TPU/PLA
blends and control scaffolds. The samples were weighed after drying overnight at 60 ◦C.
Each sample was individually enclosed in a plastic container filled with a 1X PBS solution
and incubated at 37 ◦C in an orbital shaker (Stuart S1500, Illinois City, IL, USA) at a shaking
rate of 50 rpm. Every 7 days, PBS was refreshed, and the test lasted up to 7 months. The
samples were rinsed three times with purified water before being dried overnight and
weighed at each time point. Equation (2) was used to measure the weight loss of the
materials.

Degradation (%) =

(
1 − Wn

Wo

)
× 100 (2)
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W0 is the initial sample weight, and Wn is the weight of the same sample after degradation
for a time, n.

In Vitro Biocompatibility Assay

The blended samples were evaluated for biocompatibility and possible use as tissue
engineering scaffolds in biomedical applications.

Pellet Sterilisation

Prior to in vitro testing, the TPU/PLA pellets were sterilised by being immersed in
70% ethanol (v/v) for 2 h, followed by rinsing three times with 1x PBS to eliminate all traces
of ethanol. The pellets were then air-dried in a sterile atmosphere before being sterilised
for 2 h with ultraviolet light. This phase ensured that any pollutants on the surface of the
pellets were removed.

Pesto Blue Viability Assay

In order to be considered for biomedical applications, any material must not impose
any toxicity to the surrounding tissues. The toxicity of the TPU and PLA was investigated
in this study and was defined as a reduction in cell growth to less than 50% viability. The
sterile pellets were immersed in complete α-MEM overnight before testing. BEAS-2-B
(human bronchial epithelial cells) were purchased form American Type Culture Collection
(ATCC, Manassas, VA, USA) were grown to confluence in complete α-MEM containing 10%
FBS and 1% antibiotic–antimycotic (AA) solution at 37 ◦C in an incubator with 5% carbon
dioxide (CO2). In 24-well plates, one pellet was placed in each well, followed by direct
cell seeding on top of the pellet at a seeding number of 1 × 104 cells per well, and the
plates were incubated in a CO2 incubator for 3 days. As a positive control, a tissue culture
plate with fresh α-MEM was used. The toxicity test was performed using Presto Blue Cell
Viability Reagent on days 1, 2 and 3. The metabolic product of viable cells was released
into the culture medium, reduced resazurin to resorufin, and changed the colour from blue
to pinkish red. When reduction did not occur in a nonviable setting, the blue-coloured
resazurin was preserved. An automatic ELISA reader was used to test the fluorescence of
the samples in triplicate. Equation (3) was used to measure the cell toxicity percentage:

Cell toxicity (%) =
Fluorescencetreatment − Fluorescencecontrol

Fluorescencecontrol
× 100 (3)

Statistical Analysis

The mean and standard deviation of all the results were calculated (SD). The one-
way analysis of variance (ANOVA) was used for normally distributed data, while for
non-normally distributed data, the nonparametric test was used. The Tukey’s test was
then used to assess the data’s particular differences, with p < 0.05 indicating statistical
significance. The data were analysed using GraphPad Software (Prism 9.0, GraphPad
Software, La Jolla, CA, USA).

3. Results and Discussion

Apart from being biocompatible and biodegradable, as the foundation of the tracheal
structure, the material of the scaffold should have adequate mechanical strength and
flexibility to enable physiological function during breathing. The rigid components of
the cartilage retain the trachea lumen open and prevent its collapse under negative air
pressure, preventing airflow limitations [49]. The purpose of this study is to determine the
physical and mechanical properties, as well as the absorption, in vitro degradation, and
biocompatibility, of a series of TPU and PLA blends that will be produced as filaments and
3D printed as a potential material for tracheal replacement.
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3.1. Fabrication of Filament and Identification of the Materials

The physical blending of the material through the melt extrusion technique of TPU
and PLA was chosen in this study to produce filaments that will be fabricated as tracheal
scaffold using a 3D printing technique. Both materials were mixed based on their weight
percentage and characterised accordingly. FTIR transmission spectra of the samples are
presented in Figure 1 with main characteristic bands of pure TPU appeared at 3328 cm−1,
2935 cm−1, and 2850 cm−1 which correspond to stretching of -NH- in urethane and asym-
metric and symmetric vibrations in -CH2- respectively [50–53]. In addition, 1700, 1531
and 1314 cm−1 bands were associated with bending and stretching of amide I, II and
III bonds. The intensity of characteristic bands in TPU reduces as the PLA contents in-
creases and vice versa. The characteristic bands of PLA were seen at 1750 cm−1, 1456 cm−1

and 1180 cm−1, corresponding to asymmetric vibration of -C=O and the asymmetric and
symmetric stretching of -C-O-C bonds, respectively. The characteristic bands and their
activities are summarised in Table 1. Overall, the spectra revealed no new chemical bonds,
suggesting that both PLA and TPU were successfully compounded during melt blend-
ing [54,55]. Physical blending does not alter the chemical characteristic of the constituents
of the polymers [34]. Hence, the properties of the blend can be conveniently customized
using different compositions of the polymer to suit its application.
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Figure 1. FTIR spectra of TPU, PLA, and TPU/PLA blends.

Table 1. Characteristic bands and corresponding activities of TPU and PLA.

Characteristic Band Activity Material

3328 Stretching -NH- in urethane TPU
2935 Asymmetric vibration in -CH2- TPU
2850 Symmetric vibration in -CH2- TPU
1748 -C=O stretching (amide I) TPU/PLA
1531 N-H bending vibration (amide II) TPU
1314 C-N (amide III) TPU
1182 asymmetric stretching of -C-O-C- PLA
1085 symmetric stretching of -C-O-C- PLA
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3.2. Morphology and Miscibility of the Blends

The SEM images of the fractured surface TPU/PLA dumbbell films were analysed
to study the phase morphology of the samples. In contrast, the DSC findings were used
to determine the thermal properties and miscibility of the samples. As shown in Figure 2,
the fractured surface morphology of pure TPU and pure PLA reveals the homogeneous
distribution of fibrous TPU and continuous matrix of PLA, respectively. In contrast, in
blended compositions, the smooth-edged PLA domains are distributed in the fibrous
TPU matrix, resulting in a notably heterogeneous two-phase structure. Both 90/10 and
80/20 samples displayed more fibrous TPU than 70/30 and 60/40 samples, reflecting the
flexibility of the blends. However, several separated phase domains with minute debonded
holes were also observed, indicating a weak interfacial contact between the TPU matrix and
the PLA domain. As the PLA ratio increased, larger and more PLA spheres were detected
in the TPU matrix, although they were dispersed equally. All blended polymers exhibit
phase separation, suggesting that TPU and PLA are immiscible.

Polymers 2021, 13, x FOR PEER REVIEW 7 of 16 
 

 

3.2. Morphology and Miscibility of the Blends 
The SEM images of the fractured surface TPU/PLA dumbbell films were analysed to 

study the phase morphology of the samples. In contrast, the DSC findings were used to 
determine the thermal properties and miscibility of the samples. As shown in Figure 2, 
the fractured surface morphology of pure TPU and pure PLA reveals the homogeneous 
distribution of fibrous TPU and continuous matrix of PLA, respectively. In contrast, in 
blended compositions, the smooth-edged PLA domains are distributed in the fibrous TPU 
matrix, resulting in a notably heterogeneous two-phase structure. Both 90/10 and 80/20 
samples displayed more fibrous TPU than 70/30 and 60/40 samples, reflecting the flexibil-
ity of the blends. However, several separated phase domains with minute debonded holes 
were also observed, indicating a weak interfacial contact between the TPU matrix and the 
PLA domain. As the PLA ratio increased, larger and more PLA spheres were detected in 
the TPU matrix, although they were dispersed equally. All blended polymers exhibit 
phase separation, suggesting that TPU and PLA are immiscible. 

 
Figure 2. Cross-section SEM images of reactively extruded films: (a) 100/0, (b) 0/100. Homogeneous matrices are present 
in pure TPU and pure PLA (c) 90/10, (d) 80/20, (e) 70/30, (f) 60/40. Some fibrous TPU is present in the polymer blends, with 
PLA domains are dispersed in TPU matrices in all blends. Red arrows show PLA particles in the TPU matrix, while blue 
arrows indicate the fibrous TPU of the fractured surface. Scale bar of 100 μm. 

TPU is composed of diisocyanate hard segments and polyester macroglycol soft seg-
ments, while PLA is an aliphatic polyester. Due to their structures, two glass transition 
temperature (Tg) and melting temperature (Tm) values were observed in pure TPU, which 
correspond to hard and soft segments as shown in DSC curves in Figure 3. On the other 
hand, only one Tg and Tm were seen in pure PLA. 
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in pure TPU and pure PLA (c) 90/10, (d) 80/20, (e) 70/30, (f) 60/40. Some fibrous TPU is present in the polymer blends,
with PLA domains are dispersed in TPU matrices in all blends. Red arrows show PLA particles in the TPU matrix, while
blue arrows indicate the fibrous TPU of the fractured surface. Scale bar of 100 µm.

TPU is composed of diisocyanate hard segments and polyester macroglycol soft
segments, while PLA is an aliphatic polyester. Due to their structures, two glass transition
temperature (Tg) and melting temperature (Tm) values were observed in pure TPU, which
correspond to hard and soft segments as shown in DSC curves in Figure 3. On the other
hand, only one Tg and Tm were seen in pure PLA.
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values of pure PLA. Finally, the green arrows depict all three Tg values of TPU/PLA blends.

The immiscibility of the blends is further demonstrated by DSC curves and summa-
rized data as shown in Table 2. The Tg values can determine the extent of blend miscibility,
partial miscibility, or total immiscibility as a function of the polymer blend composition.
Normal Tg values of the TPU and PLA ranges from around −18 ◦C to −47 ◦C and 61 ◦C
to 67 ◦C, respectively [56,57]. Miscible polymers typically have a single Tg, whereas im-
miscible blends transition temperatures shift toward each other to a degree depending
on the mutual miscibility of the phases [58–61]. In the event of a completely immiscible
blend system, the blend components may remain their original Tg values, regardless of
the blend composition [34]. In this study, the appearance of three distinct Tg values in
90/10, 80/20, 70/30, and 60/40 samples suggest that TPU and PLA are immiscible. Two
Tg values correspond to the TPU structure, whereas another Tg value comes from the PLA.
The immiscibility was demonstrated by considerable macroscopic phase separation in the
blends in SEM. Moreover, all mixed samples that confirm the immiscibility also show two
different melting temperatures (Tm). This result is in line with [51,61–63]. In immiscible
blends, the properties of the component polymers integrate in such a way that the blend
morphology is a direct representation of the component morphology. As a result, blend
morphology is regarded as a good indicator of blend miscibility.

Table 2. Differential scanning calorimetry data for TPU, PLA, and blends.

Sample Tg TPU Tg PLA Tm1 Tm2

100/0 −26.98 - 153.88 189.90

0/100 - 63.16 150.74 -

90/10 −25.12 58.21 145.18 180.20

80/20 −19.70 55.87 144.11 178.44

70/30 −27.62 59.24 148.17 186.84

60/40 −28.00 58.56 148.15 187.15
Tg = glass transition temperature, Tm = melting temperature.

3.3. Mechanical Properties

It is well recognised that the morphology of the materials greatly influences the
mechanical properties of blends, and the properties of the final product can be achieved
by adjusting the morphology. The tensile strength and YM measurement were derived
from the stress–strain curve of the tensile test ASTM D638. Figure 4 depicts the mechanical
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properties of the TPU/PLA blends. Pure PLA has the highest tensile strength and YM at
46.48 ± 5.51 MPa and 2282.80 ± 95.60 MPa, preceded by TPU blends with higher PLA
contents. This means that the higher the PLA concentration, the stiffer the blend. On
the other hand, pure PLA demonstrated the least amount of flexibility because it cannot
elongate by more than 5% due to its inelastic nature. In comparison, pure TPU showed
the highest flexibility (up to more than 25%) without fracture, as shown in Figure 4b. The
flexibility decreases with decreasing TPU concentration, with the 60/40 blend exhibiting
the least flexibility of all blends. The morphology of TPU and PLA blends appeared to be
related to their mechanical properties, with stretched fibrous TPU can be seen in fractured
surfaces images of the 90/10 and 80/20 samples reflecting the blends’ flexibility.
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Figure 4. Mechanical properties of TPU/PLA blends showing (a) tensile strength and Young’s modulus in MPA, and (b)
percentage of elongation at break.

As a substitute for the cartilage wall, the scaffold is expected to possess adequate
strength to keep the airway open and resist collapse. At the same time, it maintains
the flexibility to allow flexion/bending despite intrathoracic pressure differences during
breathing cycles [63,64]. TPU is known to have flexibility and is widely used in soft tissue
engineering [23,24,65,66]. The present study revealed that the tensile strength and Youngs’
modulus of TPU were proportionately increased when PLA was added. In contrast, the
percent elongation reduces accordingly. The results obtained were similar to those reported
by Lis–Bartos et al. (2018) [67] and Mi et al., (2013) [51]. The overall physicomechanical
behaviour of immiscible systems is critically dependent on two demanding structural
parameters. First, an appropriate interfacial tension leads to a phase size that is small
enough to allow the material to be considered macroscopically homogeneous. Secondly, an
interphase adhesion is strong enough to assimilate stresses and strains without disrupting
the established morphology [68]. Even though the blend was not miscible, it is noted that
they considered having good compatibility with each other. This is due to the composition
of diisocyanate hard segments and polyester macroglycol soft segments of the TPU and
aliphatic polyester in PLA, which forms hydrogen bonding between the molecules of the
blend, as shown in Figure 5.
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The blend is suitable for the fabrication of a tissue-engineered scaffold since the
mechanical properties are within the normal human tracheal range: tensile stiffness
1–15 MPa [70] and YM 12.2–20.5 MPa in young and old humans; ~16 MPa in both hu-
man male and female [64].

The purpose of combining two polymers is to produce a material with improved
physical properties over the parent polymers. The degree of modification is relative to
the quantity of each composition of the polymer. The morphology of the blend and the
dispersion of the phases have a considerable effect on the thermomechanical characteristics.
For example, TPU with a lower tensile strength is combined with PLA to increase the
tensile strength. Despite the modest reduction in elongation at break, the final material
can be adjusted by varying the polymer composition to attain the optimal combination of
thermal and mechanical properties for specific applications.

3.4. Water Absorption and In Vitro Degradation Rate

An ideal implant material should possess optimal absorption and biodegradable prop-
erties similar to the regenerative process of the native tissue [71]. This fills up surrounding
tissues and provides a biocompatible framework that allows cells, blood vessels, and newly
created tissues to develop and maintain an extracellular matrix [72].

The swelling behaviour of a material (or its ability to absorb water) is an important
factor to consider when constructing a scaffold. Although excessive water absorption
damages the scaffold’s morphology, its absence causes inadequate absorption, inhibiting
cell growth in vivo [54]. The absorption rate was determined by immersing the samples
in PBS solution. Pure PLA showed the highest absorption rate in PBS solution, which
was approximately 5% in the first hour, decreased significantly after 8 h, and remained
stable until 48 h. On the other hand, other compositions exhibited nearly equal absorption,
varying from 1 to 2 percent, but decreased steadily and remained nearly stable until 48 h.
No significant differences were found in any of the compositions. The material’s absorp-
tion property indicates the scaffold’s ability to bind to the surrounding metabolites and
promotes the transportation of nutrients and cell integration throughout the scaffold [73].

One of the primary goals of biodegradable tissue-engineered scaffolds is to provide a
mechanical structure or framework to support the extracellular matrix (ECM). At the same
time, it degrades evenly/slowly via hydrolytic degradation, allowing the surrounding
tissue to recover the supporting function of the scaffold [74]. The monomeric components of
the polymers are innocuously eliminated through the body system [75]. In the degradation
study over 7 months, all of the samples showed a gradual loss with pure TPU (100/0)
exhibiting the fastest degradation rate, followed by 90/10, 80/20, 70/30, 60/40 and pure
PLA (0/100). The higher the TPU concentration, the faster rate of degradation. The
degradation percentage up to 7 months was less than 6%, suggesting that the blended
material is long-term stable. In contrast, the degradation of PLA is slower, which started
only after 1 month of incubation and gradually degraded at a very slow rate. Up until
7 months, the degradation percentage was approximately 2% and was the lowest among
other blends. Figure 6 shows both the rate of absorption and degradation results.
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The biodegradation of polymeric biomaterials mainly depends on hydrolytic degra-
dation of polymer chains. For example, degradation of polyurethane occurs when water
molecules infiltrate the polymer network, triggering hydrolysis of the polyurethane chains,
including the chemical dissolution of ester and amide bonds [76]. Similarly, the hydrolytic
degradation of PLA started by the breaking of the ester link of the polymeric chain [77].
Hydrolytic degradation has been described as belonging to two types: surface erosion and
bulk erosion. Surface erosion occurs exclusively at the polymer–water interface, while
bulk erosion occurs uniformly throughout the polymer [76,77]. However, it is critical to
emphasise that this degradation investigation was conducted on nonporous film speci-
mens without plasma, biomolecules, or cells. The rate of degradation is important, as it is
controlled by various other factors in vivo, which significantly enhances the degradation
of polymers.

Erosion and bulk degradation are the two possible mechanisms through which poly-
mers degrade. Crystallinity and chain orientation of polymers are particularly essential
in degradation processes. The degradation process begins with water diffusion into the
amorphous regions, followed by random hydrolytic scission of the ester bonds. After
degrading the amorphous sections, the hydrolytic attack continues to the crystalline struc-
tures. Due to the loose packing of the molecules in the amorphous area of a polymer, they
are more susceptible to attack by reactive species or solvents than the molecules in the
crystalline region [78–80]. TPU’s amorphous structure is the possible cause that results in
a faster degradation rate than semicrystalline PLA, as seen by its lower glass transition
temperature (Tg).

3.5. In Vitro Biocompatibility

The viability of cell culture is shown by the proportion of viable cells in a population.
A decrease in the percentage of viable cells below 50% of total cell growth is described
as the toxicity of the material towards the cells. BEAS-2B was cultured for three days on
sterilised TPU, PLA, and TPU/PLA scaffolds to test their biocompatibility and toxicity of
the material, and the result is shown in Figure 7.

91



Polymers 2021, 13, 3087Polymers 2021, 13, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 7. Presto Blue viability assay towards BEAS-2B cells. 

Both pure TPU and PLA indicated biocompatibility towards BEAS-2B cells. After 24 
h of incubation, cell proliferation was noted, exhibiting viability of cells was more than 
100% in both pure materials. The result showed that the viability of BEAS-2B was greater 
than 80% in all compositions up until day 3, indicating that none of the compositions were 
toxic to the cells. Pure PLA outperformed pure TPU and other blends in terms of viability. 
TPU has been proven to be biocompatible and suitable for regenerative medicine, either 
alone or in conjunction with other polymers. Therefore, this result was expected [17,81,82]. 
This study is also consistent with the findings by Harynska and colleagues (2018) [83]. 
Similarly, the U.S. Food and Drug Administration (FDA) has authorised PLA as a biode-
gradable and biocompatible polymer for application in the human body due to its absorb-
ability and nontoxicity [33,35,73,84]. 

4. Conclusions 
Due to the shortage of organs and tissues for organ transplantation, synthetic mate-

rials are some of the treatment alternatives for trachea replacement, which necessitates 
developing an ideal material with desirable properties. Apart from biocompatibility and 
nontoxicity in the body system, mechanical properties are some of the important factors 
that must be considered due to the anatomy of the trachea in the body. TPU and PLA were 
selected for this study because of their inherent properties and wide use in biomedical 
applications. However, the properties of these materials limit their application. Polymer 
blending is an appealing and cost-effective method for developing new material with im-
proved properties by combining physically existing polymers instead of synthesizing en-
tirely new polymeric materials. This study investigated the mechanical properties, water 
absorption, biodegradability, and biocompatibility of melt blended TPU and PLA poly-
mers as a material of choice in 3D printed tracheal tissue engineering. It was demonstrated 
that both materials were successfully compounded. Even though all blend compositions 
were not miscible, their morphology and mechanical properties showed improvement for 
the proposed use. Furthermore, the blended material is biocompatible and has an appro-
priate absorption and degradation rate, making it viable for use as a filament material in 
additive manufacturing for medical purposes. Therefore, the polymer blending of TPU 
and PLA can be a cost-effective strategy to improve the properties of TPU and PLA and 
produce filaments for 3D printing. 

Author Contributions: Conceptualization, A.A.S. and B.H.Y.; methodology, A.A.S., B.H.Y., 
Z.A.A.H., and M.J.; validation, A.A.S., B.H.Y. and Z.A.A.H.; formal analysis, A.A.S., B.H.Y. and 
Z.A.A.H.; investigation, A.A.S.; resources, A.A.S., B.H.Y. and Z.A.A.H.; data curation, A.A.S. and 
B.H.Y.; writing—original draft preparation, A.A.S.; writing—review and editing, A.A.S., B.H.Y. and 
Z.A.A.H.; visualization, A.A.S., B.H.Y., Z.A.A.H. and M.J.; supervision, B.H.Y., Z.A.A.H. and M.J.; 
project administration, A.A.S. and B.H.Y.; funding acquisition, A.A.S. and B.H.Y. All authors have 
read and agreed to the published version of the manuscript. 

Figure 7. Presto Blue viability assay towards BEAS-2B cells.

Both pure TPU and PLA indicated biocompatibility towards BEAS-2B cells. After 24 h
of incubation, cell proliferation was noted, exhibiting viability of cells was more than 100%
in both pure materials. The result showed that the viability of BEAS-2B was greater than
80% in all compositions up until day 3, indicating that none of the compositions were toxic
to the cells. Pure PLA outperformed pure TPU and other blends in terms of viability. TPU
has been proven to be biocompatible and suitable for regenerative medicine, either alone
or in conjunction with other polymers. Therefore, this result was expected [17,81,82]. This
study is also consistent with the findings by Harynska and colleagues (2018) [83]. Similarly,
the U.S. Food and Drug Administration (FDA) has authorised PLA as a biodegradable and
biocompatible polymer for application in the human body due to its absorbability and
nontoxicity [33,35,73,84].

4. Conclusions

Due to the shortage of organs and tissues for organ transplantation, synthetic mate-
rials are some of the treatment alternatives for trachea replacement, which necessitates
developing an ideal material with desirable properties. Apart from biocompatibility and
nontoxicity in the body system, mechanical properties are some of the important factors
that must be considered due to the anatomy of the trachea in the body. TPU and PLA were
selected for this study because of their inherent properties and wide use in biomedical
applications. However, the properties of these materials limit their application. Polymer
blending is an appealing and cost-effective method for developing new material with
improved properties by combining physically existing polymers instead of synthesizing
entirely new polymeric materials. This study investigated the mechanical properties, water
absorption, biodegradability, and biocompatibility of melt blended TPU and PLA polymers
as a material of choice in 3D printed tracheal tissue engineering. It was demonstrated that
both materials were successfully compounded. Even though all blend compositions were
not miscible, their morphology and mechanical properties showed improvement for the
proposed use. Furthermore, the blended material is biocompatible and has an appropriate
absorption and degradation rate, making it viable for use as a filament material in additive
manufacturing for medical purposes. Therefore, the polymer blending of TPU and PLA
can be a cost-effective strategy to improve the properties of TPU and PLA and produce
filaments for 3D printing.
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Abstract: Biodegradable polymers have been rapidly developed for alleviating excessive con-
sumption of non-degradable plastics. Additive manufacturing is also a green energy-efficiency
and environment-protection technique to fabricate complicated structures. Herein, biodegradable
polyesters, polyglycolic acid (PGA) and poly (butyleneadipate-co-terephthalate) (PBAT) were blended
and developed into feedstock for 3D printing. Under a set of formulations, PGA/PBAT blends ex-
hibited a tailored stiffness-toughness mechanical performance. Then, PGA/PBAT (85/15 in weight
ratio) with good thermal stability and mechanical property were extruded into filaments with a
uniform wire diameter. Mechanical testing clearly indicated that FDM 3D-printed exhibited compa-
rable tensile, flexural and impact properties with injection-molded samples of PGA/PBAT (85/15).
Furthermore, uniform and graded Diamond-Triply Periodic Minimal Surfaces (D-TPMS) structures
were designed and successfully manufactured via the fused deposition modeling (FDM) technique.
Computer tomography (CT) was employed to confirm the internal three-dimensional structures.
The compressive test results showed that PGA/PBAT (85/15) D-surface structures bear better load-
carrying capacity than that of neat PGA, giving an advantage of energy absorption. Additionally,
typical industrial parts were manufactured with excellent dimension-stability, no-wrapping and fine
quality. Collectively, biodegradable PGA/PBAT material with good printability has great potentials
in application requiring stiffer structures.

Keywords: biodegradable polyesters; polyglycolic acid (PGA); fused deposition modeling (FDM);
triply periodic minimal surfaces (TPMS); mechanical property

1. Introduction

In recent years, fused deposition modeling (FDM) has been developed rapidly among
3D printing techniques because of its low cost in maintenance, and diversity in thermo-
plastic feedstock [1–3]. It enables the production of custom parts with complex struc-
tures in many application fields including the medical, food, automotive, aerospace and
construction industries [4–6]. Among the commercial thermoplastic materials used in
FDM 3D printing, poly (lactic acid) (PLA) is rather popular in 3D printing because of its
biodegradability, biocompatibility, favorable mechanical properties and facile printabil-
ity. Nevertheless, PLA-based materials have inherent limitations of brittleness and low
toughness [7,8]. With the request of environmental protection and the growing demands
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in biodegradable polymers, considerable interest has been attracted to develop various
biodegradable polymers as feedstock for 3D printing [9–12].

Polyglycolic acid (PGA), a biodegradable polymer, can be degraded to carbon dioxide
and water with a relatively fast degradation rate [13–15]. Its degradation products can be
absorbed by the human body, which is approved by US Food and Drug Administration
(UFDA). Besides, PGA also has superior mechanical strength to other biodegradable
polymers [16,17]. It is found that the mechanical strength and modulus are similar to that
of human bones, which make it an ideal candidate for hard tissue implanted materials.
Wu et al. [18] fabricated polyetheretherketone (PEEK)/polyglycolide acid (PGA) scaffolds
using 3D printing technology showed the ability to efficiently sustain drug release as an
implant for treating bacterial infection. Taegyun et al. [19] 3D-printed PGA/hydroxyapatite
composite scaffolds and demonstrated it can promote patient-specific bone regeneration.
The existed literature mainly reported on the incorporation of PGA with other plastics or
bioactive fillers, however, few studies focused on the PGA-based filaments for FDM 3D
printing and their printability and precision of complex structures.

Currently, biodegradable elastomeric polyesters, such as poly (butyleneadipate-co-
terephthalate) (PBAT) [20], poly (butylene succinate) (PBS) [21] and polycaprolactone
(PCL) [22] have developed vigorously. It is hoped that blending PGA with these duc-
tile polymers will develop 3D-printing feedstock with good biocompatibility, tailored
biodegradability and mechanical properties. Among them, PBAT possesses an excellent
ductile property with high elongation at break. Therefore, PBAT is considered a good
candidate to improve the flexibility of PGA. It is expected that PGA/PBAT blends could be
novel 3D-printing feedstock due to the high mechanical strength of PGA and the elevated
toughness of PBAT.

Although there was little evidence of PGA processed by FDM printing in the past,
extruding, sintering and injection molding has been attempted [23–25]. Additionally,
PBAT-based materials (i.e., PBAT/PLA) have also been fabricated into 3D-printing feed-
stock [26,27]. Therefore, binary PGA/PBAT blends for FDM 3D printing are proposed and
subjected to this research. An important aspect of this system is the phase compatibility of
the blend, which would directly influence the mechanical performance. Thus, an epoxy-
functionalized chain extender was used to react with the carboxyl and carboxyl functional
groups in both polyesters [28,29].

The focus of this article is to explore the feasibility of novel PGA/PBAT blends as
3D printing feedstock and manufacturing complex lattice structures with good quality.
Firstly, different compositions of PGA/PBAT blends were compounded, the thermal behav-
ior, thermal stability and mechanical performance were subsequently evaluated and the
optimization of PGA/PBAT blends for FDM printing was obtained. Then, the emphasis
on fabricating PGA/PBAT filaments was carried out, and the mechanical properties of
FDM-printed and injection-molded samples were comprehensively evaluated. Finally,
periodic minimal surface structures with constant-thickness and graded-thickness were
designed and manufactured, and the corresponding compressive performance was com-
pared with the pure PGA group. In summary, this work is to explore the potentials of novel
biodegradable PGA/PBAT filament in complex shape, high strength, and lightweight
engineering applications in a sustainable and energy conservation way.

2. Materials and Methods
2.1. Materials

Commercial PBAT having a density of 1.21 g/cm3, melting temperature of 125 ◦C
and a melt flow rate (MFR) rate of 44 g/10 min (230 ◦C and 2.16 kg) was obtained from
Kanghui New Materials Hi-Tech Co., Ltd. (Yingkou, China). PGA having a density of
1.64 g/cm3, melting temperature of 220 ◦C and a melt flow rate (MFR) rate of 40 g/10 min
(230 ◦C and 2.16 kg) was kindly provided by Shanghai Pujing Chemical Industry Co.,
Ltd. (Shanghai, China). Both PGA and PBAT were fully biodegradable polyesters, and
the chemical structures were given in Figure 1. A multi-functional epoxy chain extender
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styrene-glycidyl methacrylate (Joncryl ADR 4370) was purchased from BASF Chemical
Company (Ludwigshafen, Germany).
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2.2. Sample Preparation

Before the extrusion processing, the PBAT pellets were vacuum-dried at 80 ◦C for 8 h
to remove the moisture. PGA pellets were kept in vacuum-sealed bags with a desiccant at
4 ◦C and dried at 60 ◦C for 2 h. In order to avoid undesirable hydrolysis during extruding,
the predrying process was conducted to remove moisture. Joncryl ADR was used as
received. The mass formulations of PGA/PBAT composites contained 100/0, 95/5, 85/15
and 75/15, and the content of Joncryl ADR was 1.5 wt% of the whole biodegradable
polyesters. The PGA and PBAT pellets were compounded by a twin-screw extruder (SHJ20-
X40, L/D = 40, D = 40 mm, Nanjing Giant Machinery Co., Ltd., Nanjing, China). The
processing temperatures of extruding zones were set from 210–230 ◦C with a rotation speed
of 40 rpm.

Test specimens for the tensile test were molded using injection molding equipment
(Wuhan Ruiming Machinery Co., Ltd. Wuhan, China) for each blend composition (PGA/PBAT:
100/0, 95/5, 85/15, 75/25). The heating zone of the injection molding system was 230 ◦C
and the molding zone was 40 ◦C. The standard dumbbell-shaped specimens (ISO 527,
type2) were prepared and stored in a sealed dryer before characterization.

2.3. Filament Feedstock Fabrication and 3D Printing

Under the optimized formulations of PGA/PBAT composites, PGA/PBAT (85/15)
was adopted to fabricate into filaments (1.75 ± 0.5 mm diameter) using a desktop single-
screw filament extruder (Wellzoom C, Shenzhen Mistar Technology Co., Ltd., Shenzhen,
China). The extruder barrel heating zone to die temperature was set at 225 and 230 ◦C,
respectively. The extruded filaments were pulled through and collected by a winding unit.
The filaments were dried in an air-circulating oven at 60 ◦C for 4 h and stored in sealed
vacuumed bags with desiccant (4 ◦C) prior to 3D printing or other characterization.

3D-printed PGA/PBAT samples were manufactured via an FDM 3D printer (FUNMAT
HT, INTAMSYS Co. Ltd., Xi’an, China). The FDM printing condition was set as: a nozzle
diameter of 0.40 mm, nozzle temperature at 230 ◦C, as building platform temperature at
45 ◦C, ambient temperature at 45 ◦C, infill density of 100%, printing speed maintained at
20 mm/s, raster angle of 45◦ and each layer thickness of 0.10 mm.
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2.4. Design of the Diamond-Triply Periodic Minimal Surfaces (D-TPMS) Structures

Triply periodic minimal surfaces (TPMS) can be mathematically approximated using
implicit methods [30,31]. Among types of TPMS structures, Diamond (D) surface was
selected in the current work. The D-surface is described as follows:

φD(x, y, z) = sin(ω) sin(ωy) sin(ωz) + cos(ωx) sin(ωy) sin(ωz)+
sin(ωx) cos(ωy) sin(ωz) + sin(ωx) sin(ωy) cos(ωz) = C

(1)

where x, y, z represent spatial coordinates, w = 2π/l and l is the length of a unit cell. The
3D D-surface is generated as the solution of the level-set function φ = C. The solid model
of Diamond surfaces was created by extracting the zero-level set surface (when C = 0)
from Equation (1). Matlab scripting was used to generate the sheet surfaces. The total
cylinder sample size has a diameter of 20 mm and a height of 20 mm. Constant-thickness
of structures with nominal average wall thickness was 0.4 mm and 2 mm, respectively. The
wall thickness of graded structures ranged from 0.4 mm to 2 mm radically. The resultant
3D stereolithography (STL) models were then transferred to CURA software (Ultimaker
Co. Ltd., Amsterdam, Holland) for slicing in preparation for 3D printing.

2.5. Characterization

Differential scanning calorimeter (DSC). The non-isothermal crystallization and melting
behavior of PGA and PGA/PBAT were studied under a nitrogen atmosphere (10 ◦C/min).
The weight of test samples was 5–8 mg and sealed in an aluminum pan. The running
program was divided into three stages: heating room temperature to 250 ◦C, annealing at
250 ◦C for 5 min; cooling to 20 ◦C, maintaining for 3 min; reheating to 250 ◦C.

Thermogravimetric analysis (TGA). Thermal decomposition stability of PGA and
PGA/PBAT composites was carried out through TGA (Q600, TA instruments, NewCastle,
America). The heating program was from 30 ◦C to 600 ◦C under a nitrogen atmosphere at
a heating rate of 10 ◦C/min.

Scanning electron microscopy. The compatibility of PGA and PBAT in injection-
molded and 3D-printed samples was observed by a tungsten filament scanning electron
microscope (SEM, QUANTA 450, FEI, Hillsboro, America). The fractured surface was
spray-covered with a thin gold layer.

2.6. Mechanical Test

The mechanical properties of injection-molded and FDM-printed samples were tested
by using a mechanical testing machine (GT-7001-HC6, GOTECH TESTING MACHINE
INC, Taiwan, China). The tensile strength and modulus were measured at a constant
crosshead speed of 2 mm/min at an ambient temperature according to the standard of ISO
527. For flexural tests according to ISO 178 standard, three-point bending with a crosshead
speed of 2 mm/min was performed at room temperature.

The stiffness of the FDM-printed D-surface TPMS structures was evaluated from
compression tests, according to the ASTM D-695 standard. The unconstrained cellular
structure samples were 20 mm in diameter and the height was 20 mm, which were com-
pressed between two rigid flat steel plates with a constant strain rate of 2 mm/min. The
compressive force and displacement data from the universal machine were recorded. When
the strain of cellular structures reached 20%, the tests were terminated.

The total energy absorption (EA) was calculated from the area under the force-
displacement curve as follows, Equation (2) [32,33]:

EA =
∫ b

a
σ·dε (2)

where σ assigns to the compressive stress and the ε is the nominal strain. The calculation of
σ = F/A and ε = δ/H, respectively. F and δ corresponded to the compressive force and dis-
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placement, which are recorded during the compression test. A is the original cross-section
area and H is the height of the D-surface TPMS structure along the compressive direction.

2.7. Computed Tomography

The deformation of the D-surface TPMS structure samples after compression was
scanned by Computed tomography (CT equipment, SIEMENS SOMATOM DRIVE, langen,
Germany). CT scan conditions as follows: the voltage was 70 kV, the current was 61 mA,
slice thickness was 0.5 mm, slice spacing was 0.3 mm, FOV (field of view) was 50 mm,
the matrix was 512 × 512, and DLP (dose length product) was approximately 45.58 mGy.
The obtained scan data were subsequently reconstructed using SIMENS software analysis
system (Syngo CT VA62A, Erlangen, Germany).

3. Results and Discussion
3.1. Preparation and Characterization of PGA/PBAT Samples

The epoxy group of ADR is expectable to react with both hydroxyl and carboxyl of the
polyester [34,35]. The introduction of ADR efficiently facilitated the reaction between PGA
and PBAT, which resulted in a polymer network (as illustrated in Figure 1) and decreased
both the number of hydroxyl and carboxyl end-groups in PGA and PBAT. The cross-linking
reaction would increase the melt strength and protect the sensitive groups from hydrolysis
degradation during the extruding process.

Prior to filament fabrication and FDM printing, thermal behavior and stability of
filaments are essential due to the necessary information on the printed component of the
printing window. The DSC thermograms of PGA, PGA/PBAT (95/5), PGA/PBAT (85/15)
and PGA/PBAT (75/25) were shown in Figure 2a, b. After eliminating thermal history, the
data in the first cooling and second heating scan were collected and plotted into curves.
The values of crystallization temperature (Tc), the crystallization enthalpy (∆Hc) in the
first cooling curves; the melting temperature (Tm) and melt enthalpy (∆Hm) in the second
heating curves were summarized in Table 1. It can be seen that Tc of the PBAT (~74 ◦C)
was not detected from the cooling curves [36], while Tc of PGA (~190 ◦C) was obvious [37].
The crystallization peaks were related to the addition of PBAT, the Tc migrates to higher
temperatures from 185.1 to 194.5 ◦C, which can be assigned to the heterogeneous nucleation
effect of the branch chain of PBAT for the crystallization of PGA. However, the ∆Hc was
continuously decreased when the content of PBAT reached 25 wt%. This was because that
small content of PBAT acted as a dispersed phase while PGA was the continuous phase.
The increased content of entangled chains of PBAT might influence the organized PGA
polymer crystallization. In the second heating curve, there is only one melting peak at
220.5 ◦C for neat PGA (100/0), whereas peaks are split into two in PGA/PBAT blends.
With the increased content of PBAT, two melting peaks became evident. This was probably
due to the formation of two crystalline structures of PGA co-existing in the binary blends.

Furthermore, weight loss and differential thermogravimetric curve (DTG) curves
of neat PGA and PGA/PBAT blends were plotted in Figure 2c,d. For neat PGA, the
loss weight curve showed that the weight started to decrease at 339.2 ◦C, and weight
loss was quite obvious at 389.7 ◦C. After incorporation of 5 wt% and 15 wt% PBAT, the
initial decomposition temperature slightly increased to 358.2 ◦C and 346.7 ◦C, which was
probably due to enhanced stability by the cross-linking reaction using ADR. The fastest
decomposition temperatures were also improved for PGA/PBAT (95/5) and PGA/PBAT
(85/15) (as shown in Table 1). However, when the content of PBAT achieved 25 wt%, the
characteristic decomposition peak of PBAT could be detected, and thus the decomposition
temperature shifted to a lower temperature at 326.0 ◦C. Two remarkable decomposition
stages were observed at 351.2 ◦C and 412.5 ◦C in PGA/PBAT (75/25). The first stage
corresponded to the decomposition of PBAT, and the latter peak was assigned to the
decomposition of PGA. These results illustrated that the thermal degradation of PGA/PBAT
(95/5) and PGA/PBAT (85/15) could be effectively postponed after the extruding process
in the presence of ADR, which was suitable as filament feedstock.
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Table 1. Crystalline and melting and decomposition parameters of PGA, PGA/PBAT (95/5), PGA/PBAT (85/15) and
PGA/PBAT (75/25).

Specimen Tc (◦C) ∆Hc (J/g) Tm (◦C) ∆Hm (J/g) Td,5% (◦C) Td,max (◦C)

PGA 185.1 76.3 220.5 84.5 339.2 389.7
PGA/PBAT(95/5) 192.0 64.7 217.7/222.2 68.3 358.2 415.7
PGA/PBAT(85/15) 193.3 58.8 215.5/222.3 61.8 346.7 414.4
PGA/PBAT(75/25) 194.5 51.2 214.2/222.4 51.5 326.0 412.5

Td,5%: the initial decomposition temperature, 5% of loss weight; Tmax,5%: temperature to the maximum decomposition rate.

The tensile properties of injection-molded (IM) PGA/PBAT with different formula-
tions were presented in Figure 3. The results showed that the tensile strength and Young’s
modulus gradually decreased with the increase in PBAT content. The tensile strength of
neat PGA was 114 ± 1.24 MPa and Young’s modulus was 5.15 ± 0.15 GPa, which was
even stiffer to poly(ether-ether-ketone) (PEEK) materials with a tensile strength of 100 MPa
and Young’s modulus of 3.7 GPa [38]. However, excess strength might bring difficulties
(i.e., brittleness) in plastic processing and application fields. Since PBAT was an excellent
elastomeric “soft” polyester, although its tensile strength was 18 MPa, the modulus was
800 MPa and the elongation at break could reach to ~800%. Therefore, in the current
work, PBAT first attempted to modify PGA to broaden the applications. From Figure 3a,
the tensile strength gradually decreased from 114 MPa (PGA) to 79 MPa (95/5), 60 MPa
(85/15) and 45 MPa (75/25), respectively. On the contrary, the elongation at break was
2.3%, 4.5%, 15.6% and 20.2% for PGA (100/0), PGA/PBAT (95/5), PGA/PBAT (85/15)
and PGA/PBAT (75/25), respectively (Figure 3b). Accordingly, although the stiffness of
PGA/PBAT was weakened to some extent, elongation at break was significantly increased
after incorporation with elastomeric PBAT.
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To date, a great variety of synthetic polymers have been developed and used as
feedstock materials, such as ABS, PA6, POM and PLA. Among them, PLA was the only
commercial biodegradable filament, while other kinds of biodegradable polymer feedstocks
were limited. In our work, three formulations of PGA/PBAT blends were fabricated.
Among these formulations, the tensile strength and modulus of PGA/PBAT (85/15) were
comparable with PLA (tensile strength: 65 MPa, modulus: 2.1 GPa) [39]. Moreover, its
ductility was improved for the incorporation of PBAT, which was superior to neat PLA. In
previous researches, some elastomeric polymers such PBS, PBAT and other polyesters were
also applied to blend with PLA to overcome the inherent brittleness [40]. However, the
mechanical properties of binary PLA-based materials were inferior to PGA/PBAT (85/15)
prepared in the current work. Accordingly, PGA/PBAT (85/15) was supposed to be a good
candidate material as a 3D-printing feedstock with balanced strength and toughness.

3.2. PGA/PBAT Filament Feedstock via 3D Printing

Based on the above analysis, neat PGA and PGA/PBAT (85/15) blends were fabricated
in 3D printing filaments through a single screw extruder. As shown in Figure 4, uniform
and standard filaments with a 1.75 mm diameter were obtained. According to Tm in
Table 1, the temperature nozzle at 230 ◦C could successfully print the PGA/PBAT into the
tensile specimens without any defects. The good printability of PGA/PBAT showed great
potentials in the additive manufacturing of complicated parts.

Mechanical properties of the 3D-printed PGA/PBAT (85/15) specimens were compre-
hensively evaluated to compare with injection-molded (IM) control groups (Figures 5–7).
The tensile, flexural and notched impact tests of the PGA/PBAT (85/15) specimens pro-
cessed by injection molding and 3D printing were conducted. In Figure 5a, the tensile
stress-strain curves of IM and 3D-printed samples showed a similar trend with an obvious
necking stage. The elongation at breakage was all above 10%, and the value was higher
in IM specimens. Ductile behavior with necking characteristics was observed, suggesting
an improved toughness due to PBAT incorporation. In Figure 5b, the tensile strength and
Young’s modulus of 3D-printed specimens reached 56.5 MPa and 2.48 GPa respectively,
which were equivalent to 94% and 85% of the injection-molded groups, respectively. A
slightly lower value in the 3D-printed groups was determined by the layer-by-layer de-
position mode. The delamination failure mode between printing layers may obstruct the
force transfer when suffering from the external loading force.
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Similar results were seen in flexural and impact results (as shown in Figures 6 and 7)
Compared with tensile performance, the difference between 3D-printed and IM groups
flexural properties was slightly evident. The flexural strength and modulus of 3D-printed
specimens were 80% and 82% of those of IM counterparts. This was mainly because
the printing direction was vertical from the loading, which brought a challenge for the
interface between the printing layers deposition technique. This layer-by-layer limitation
was intensified using crystalline or semi-crystalline polymers, which might shrink or
delaminate during the printing process. In Table 1, the enthalpy of crystallization was
decreased with the increasing addition of PBAT, suggesting an inhibition effect of PBAT on
PGA crystallization. Therefore, compounding blends with entangled or network molecular
chains contributed to an enhanced interlayer quality for the FDM technique.

In order to further analyze the failure mechanism, the impact fracture surfaces of
injection-molded and 3D-printed specimens were observed (Figure 7). It can be seen that
ductile fracture occurred in both samples, and the fractured surface was partly concavo-
convex. A few pores were observed in the 3D-printed sample surface (marked with a
red circle), which was caused by layer-by-layer deposition during the printing process.
Previous studies have demonstrated that the mechanical properties of 3D-printed samples
could obtain ~80% of the injection-molded counterparts, which was restricted by the left
voids or interface between the adjacent printing layers. Therefore, it is acceptable for
slightly lower values of mechanical properties for PGA/PBAT (85/15) blend feedstock in
comparison with IM materials. Nevertheless, the 3D-printed PGA/PBAT (85/15) filament
possesses great potentials in fabricating complex structures.

3.3. Applications for PGA/PBAT Structure Manufacturing

It was demonstrated that TPMS structures possessed excellent energy absorption
capacity, and the graded-thickness samples could avoid large stress fluctuations and show
high cumulative energy absorption values than the constant-thickness samples [41,42].
Among the known TPMS structures (i.e., Diamond (D), Gyroid (G), I-WP, etc.), the stiffness,
yield strength, ultimate strength and energy absorption capacity were investigated [43].
Results indicated that the TPMS-D structure exhibited excellent compressive property.
Therefore, uniform and graded TPMS structures of D surfaces were adopted in this study.
Images of geometric D-TPMS models, 3D-printed samples and the CT-reconstruction
were assembled in Figure 8. Uniform pore architecture with two sheet thicknesses and
radially graded structures were designed in the current work. The 3D-printed samples
were highly coincident with geometric models, suggesting FDM printing was able to
fabricate complex D-TPMS structures. Furthermore, 3D-reconstructed CT images obtained
the three-dimension structure, confirming the desired structure was achieved by the FDM
printing using PGA/PBAT (85/15). All samples possessed a well-controlled 3D porous
structure with high interconnectivity. In 2D-reconstructed CT images, the cross-section
images in the x-z and x-y planes clearly showed the internal pore architecture. In the
constant-thickness D-TPMS structure, the sheet thickness was quite uniform, whereas the
thickness from thin to thick was radially distributed in the cylinder.
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suggesting an improved toughness of composite materials. The maximum compressive 
strength was 29.9 MPa for PGA/PBAT (85/15), which was 25% higher than that of PGA. 
Accordingly, it was determined that PGA/PBAT had better resistance to compression 
loading force. Although the mechanical strength of neat PGA was stronger than 
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Figure 8. Geometric models, 3D-printed and CT reconstruction images of D-surface TPMS structures with the uniform and
radially graded pore architectures.

The stress-strain curves of the printed D-surfaces of neat PGA and PGA/PBAT (85/15)
were presented in Figure 9a. For neat PGA, the compressive curve showed a sudden
drop when the stain only reached 5% with a corresponding compression strength of 24.2
MPa, indicating an inherent brittleness of PGA. During the compression test, PGA D-
surface structures broke into pieces when suffered compression loading force. In contrast,
PGA/PBAT (85/15) structures displayed a continuous profile in the stress-strain curves,
suggesting an improved toughness of composite materials. The maximum compressive
strength was 29.9 MPa for PGA/PBAT (85/15), which was 25% higher than that of PGA.
Accordingly, it was determined that PGA/PBAT had better resistance to compression
loading force. Although the mechanical strength of neat PGA was stronger than PGA/PBAT
blend, the brittleness constrained the applications when used as energy absorbers. The
energy absorbed per mass of graded D-TPMS structure was calculated up to compressive
strains to 0.2 and plotted in Figure 9b. The cumulative SEA continuously increased with
the increase of compressive strain. After the compression test, samples exhibited a mixture
failure mode of several delaminations and local cracks occurred at the bottom, which might
be caused by minor stress fluctuations.
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Figure 10 displayed the FDM printed complicated parts using PGA/PBAT filament
feedstock, proving that the PGA/PBAT blend filament can be 3D-printed into geometrically
complex parts. In addition, vertically tall and slender cylinders were successfully printed
with fine surfaces. Therefore, biodegradable PGA and PBAT polymer were suitable to

106



Polymers 2021, 13, 3757

manufacture high strength, lightweight and complex shaped parts, providing alternative
materials of green plastics in the printing materials.
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4. Conclusions

The research demonstrated that the binary PGA/PBAT (85/15) blend cross-linked
by ADR chain extender was of good printability as FDM 3D printing feedstock. Utilizing
biodegradable PGA/PBAT blends shows great potential in products or prototypes with a
prospect of environmental protection value.

In conclusion:

(1) The crystallization process of composite filament was affected by blending of PBAT,
and thermal stability of PGA/PBAT (95/5, 85/15) were superior to neat PGA whereas
that of PGA/PBAT (75/25) became deteriorated. The utilization of an ADR chain
extender can improve the compatibility of PGA and PBAT to some extent.

(2) The incorporation of PBAT decreased the tensile strength and modulus but effectively
enhanced the elongation at the break of PGA/PBAT blends, achieving an improved
toughness. The mechanical properties (including stiffness, toughness) could be well
tailored by changing the formulations.

(3) 3D-printed PGA/PBAT (85/15) were successfully fabricated into filaments, and the
mechanical performance of printed samples was close to that of injection-molded
counterparts.

(4) D-TPMS structures with uniform and graded pore architectures were designed and
manufactured. The graded-thickness PGA/PBAT TPMS samples exhibited good
stiffness, strength and energy absorption capacities.

Future work could be focused on the development of wider compositions of PGA/PBAT
blend filament for 3D printing and investigate the energy absorption between graded struc-
tures and non-graded structures.
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Abstract: Additive manufacturing is one of the technologies that is beginning to be used in new fields
of parts production, but it is also a technology that is constantly evolving, due to the advances made
by researchers and printing equipment. The paper presents how, by using the simulation process, the
geometry of the 3D printed structures from PLA and PLA-Glass was optimized at the bending stress.
The optimization aimed to reduce the consumption of filament (material) simultaneously with an
increase in the bending resistance. In addition, this paper demonstrates that the simulation process
can only be applied with good results to 3D printed structures when their mechanical properties
are known. The inconsistency of printing process parameters makes the 3D printed structures not
homogeneous and, consequently, the occurrence of errors between the test results and those of
simulations become natural and acceptable. The mechanical properties depend on the values of
the printing process parameters and the printing equipment because, in the case of 3D printing, it
is necessary for each combination of parameters to determine their mechanical properties through
specific tests.

Keywords: additive manufacturing; poly(lactic acid); optimization; simulation; finite element analy-
sis (FEA)

1. Introduction

The twentieth century was marked by the unprecedented development of the en-
gineering sciences. This evolution was possible due to the important steps made in the
theoretical field by other disciplines, including mathematics, physics, and chemistry. The
demonstration of some basic theories and theorems in mathematics and physics, as well
as the inclusion of mathematical analysis and differential equations in the solution of
engineering problems, meant finding theoretical solutions to practical aspects encountered
in engineering. The end of the previous century allowed the development of technologies
and equipment for 3D printing. Additive processing is a process of continuous exploitation
and exploration. Exploitation because new and new applications in different fields are
solved using this technology, and exploration because researchers attempt to find solutions
to the hitherto unresolved aspects of this technology, which, as research shows are not few.

Additive manufacturing has seen the rapid expansion and continuous development
of printable materials. 3D printing is currently widespread and it has begun to address
new areas through its involvement in different forms of goods manufacturing and in sports
(such as alpine skiing). Given the relatively short time in which that 3D printing has been
used, this technology still features many aspects that need to be understood, solved, and
improved. Currently, producers want to reduce the time it takes for products to reach the
market and for consumers (beneficiaries) to purchase them at the lowest possible cost. The
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way to improve the properties of 3D printed structures is through the constant attention of
researchers, who attempt to apply different techniques to reach the proposed objectives.
This approach consists in applying the capabilities of the simulation process to 3D printed
parts, to optimize the respective products. Bibliographic study demonstrates that currently,
there are few works that address the implementation of the simulation (modelling) process,
with its undeniable benefits, in additive manufacturing.

The printing parameters can significantly influence the mechanical properties of the
3D printing parts (printing speed and nozzle temperatures). Furthermore, with a finite
element analysis (FEA) the stress distribution of single-tensile testing, bending testing,
and compression testing of poly(lactic acid)-PLA samples has been visualized [1]. The
simulation can provide critical inputs for the designer. Moreover, based on experimental
data obtained (extracted) from previous research, a finite element analysis can be applied.
Studies reveal that the deviations between simulation and experimental results were
minimal, and the maximum error was 6.7%. In this way, the simulation could be used
to predict the behaviour of 3D printed parts [2]. Experimental and theoretical results
demonstrate that the tensile strength of 3D printed poly(lactic acid) decrease as the layer
thickness increases from 0.1 to 0.3 mm. Furthermore, the experimental results demonstrate
that the ultimate tensile strength of 3D printed samples changes significantly with changes
in the printing angle [3]. Simulation results show that strain and displacement in the gage
region offer results that are comparable with experimental results [4]. The improvement of
the 3D printed part quality requires many studies about the optimal setting for additive
manufacturing parameters [5]. Research shows that 3D printing parameters significantly
influence the elastic strength of polymer composites [6]. The best results from the tests and
simulation were obtained when the infill pattern was 100%. In addition, the difference
between the experimental results and the simulation was below 10% [7,8]. With a low
filament consumption, the researchers showed that the values of the printing parameters
can be optimized in the case of additive manufacturing, based on material extrusion [9].
The simulation can be applied to predict the behaviour of the 3D printed structures, from
PLA [10].

The study of the published articles on the additive manufacturing of poly(lactic acid)
led to the following conclusions:

- material is assimilated as homogenous and linear-elastic [11];
- anisotropy of 3D printed structures is mild [12];
- Poisson’s ratio for the 3D printed parts is between 0.33–0.36.

All this information highlights that there are necessary bases for the application of
the simulation process for the PLA structures, obtained by additive manufacturing. Fur-
thermore, Refs. [13,14] demonstrate that the simulation process can be applied with good
results to the 3D printed structures from PLA, because the differences between the test
results and those of the simulation feature reduced errors. The simulations were performed
based on the results obtained from the tensile and bending tests performed on the 3D
printed structures from PLA. In previous studies [13,14], the mechanical properties of the
3D printed structures were determined from the used filaments, because there were signifi-
cant differences between the properties of the filaments and those of the printed structures.
It should be noted that 3D printing involves the filament melting, followed by its solidifica-
tion. Thus, the PLA obtained structures by additive manufacturing consist in solidifications
of the deposited filament, in successive layers. This approach to generating 3D printed
structures influences their resistance to different stresses (loadings). The explanation is
that between the successively deposited layers (one already solidified and the other in the
process of solidification), strains appear, which can reduce, to a greater or lesser extent, the
properties established by the calculus. The reason why 3D printed structures need to be
tested is to determine their mechanical properties. When the mechanical properties are
determined, they can be passed to the optimization stage by simulation.

Poly(lactic acid) was chosen because it is one of the most commonly used filaments
in additive manufacturing, and it also features many applications in the medical field.
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In addition, the tensile and bending stresses were studied because these are the stresses
that develop most often in the 3D printed structures from PLA. The aim of the paper is to
demonstrate that, based on existing or determined information regarding the physical and
mechanical properties of 3D printing, finite element analysis (FEA or FEM-finite element
modelling) can be applied to optimize the respective structure from the geometric and
dimensional point of view. The results of the simulation process, which are in line with
those of theory and previous tests, make it possible to reduce the design time, while
improving the behaviour at various stress points for 3D printed structures.

2. Experimental Setup

The materials (filaments) used in the specimen printing were poly(lactic acid) (PLA
white manufactured by Suntem3D, Bucharest, Romania) and poly(lactic acid) mixed up
to 20% with glass fibre (PLA-Glass, manufactured by Filaticum, Miskolc, Hungary). For
the PLA, the mechanical properties included: filament diameter 2.85 mm, tensile strength
1100 MPa (ASTM D882), modulus of elasticity 3310 MPa (AST MD882), and bending
modulus of elasticity 2392.5 MPa. For the PLA-Glass, the mechanical properties included:
filament diameter 2.85 mm, maximum tensile strength 57 MPa (ASTM D638), tensile
strength at yield 46 MPa (ASTM D638), tensile modulus 4.0 GPA (ASTM D638), and tensile
elongation 3.4% (ASTM D638). The complete technical characteristics of both filaments are
presented in their respective technical data sheets.

From the mentioned filaments, the 3D specimens to be used in the bending tests
were printed, in order to optimize them from a geometric and dimensional point of
view. For the 3D printing parameters with which the PLA structures were processed,
the mechanical properties were determined and presented in previous works [13,14]. In
the case of additive manufactured structures, for the simulation process to be performed,
the mechanical properties necessary are the following:

• density of the 3D printed specimen; this is not equal with the density of the filament,
because it depends on the 3D structure’s printed parameters;

• bending deflection;
• yield strength;
• modulus of elasticity;
• ultimate strength at bending (bending strength);
• Poisson’s ratio.

The printing of the specimens performed on a CreatBot DX-3D double-nozzle printer
(manufacturer Henan Suwei Electronic Technology Co., LTD., Zhengzhou, China). The
printer capabilities were:

• printing dimensions—300 × 250 × 300 mm;
• filament diameter—2.8–3.0 mm;
• printing nozzle—0.2–0.8 mm;
• printing resolution—0.6 mm;
• layer resolution—0.2 mm;
• printing volume—22.5 l.

The parameters of the printing process were:

• layer height—0.2 mm;
• printing temperature—210 ◦C;
• print speed—50 mm/s;
• printing angle (overhang angle for support)—45◦;
• bed temperature—61 ◦C;
• infill—100% (the internal structure is solid; with a solid infill at the top and bottom);
• infill overlap—10%;
• infill flow—110%.

The printed structures from the PLA are of bar or tube type, with circular, elliptical
or rectangular sections. To verify the efficiency of the simulation process, specimens
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with a profile I section were printed. These specimens were bar type. Furthermore, tube
type specimens with rectangular sections, but consolidated in the middle, were produced
(cross-section Rect-cons). Additive manufacturing specimens were obtained from the PLA
filament (100% PLA) or PLA-Glass filament (100% PLA-Glass). Table 1 presents the coding
of the specimens according to the material, the geometry of the section, the dimensions,
and the type.

Table 1. Specimen characteristics and codification (coding).

Filament Type Cross Section Dimensions (mm) Specimen Type Specimen Code
PLA Circular 12 Bar P_12

PLA-Glass Circular 12 Bar G_12
PLA Circular 12×10 Tube P_12_T

PLA-Glass Circular 12×10 Tube G_12_T
PLA Ellipse 18×8 Bar P_E18

PLA-Glass Ellipse 18×8 Bar G_E18
PLA Ellipse 18×16 Tube P_E18_T

PLA-Glass Ellipse 18×16 Tube G_E18_T
PLA Rectangular 12.6×9 Bar P_R12

PLA-Glass Rectangular 12.6×9 Bar G_R12
PLA Rectangular 12.6×10.8 Tube P_R12_T

PLA-Glass Rectangular 12.6×10.8 Tube G_R12_T
PLA I-section 11.2×28 Bar P_IS

PLA-Glass I-section 11.2×28 Bar G_IS
PLA Rect-cons 12.6×10.8 Tube P_RC_T

PLA-Glass Rect-cons 12.6×10.8 Tube G_RC_T

The shapes and dimensions of the specimens are presented in Figures 1 and 2.
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The 3D printed specimens were tested at bending and the equipment used was a
WDW-150S Universal testing machine. The bending tests were performed under the
following conditions:
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• bending (loading) speed 10 mm/min;
• stress speed 10 MPa/s;
• support—cylindrical (diameter 30 mm, length 70 mm);
• loading nose/anvil—semi-cylindrical (diameter 30 mm, length 70 mm).

On this testing machine, the test force can be modified between 0.1 and 150 kN.
Due to the bending stress, the straight beams (girder) become deformed and curve-

shaped until they exceed a critical value, at which point they break. Bending tests allow the
bending strength and deformation (displacement) to be obtained. Deformation, also known
as the arrow, represents the maximum transverse displacement produced in the middle of
the opening of a beam supported at its ends. The value of the deformation represents the
shape that the beam can form when it is bent under stress or the deformations produced
near some sections. The bending tests made it possible to determinate the maximum force
that produced the breaking (rupture) of the specimens and, based on this, it was possible to
calculate the bending strength. The tests were performed for both the printed PLA and the
PLA-Glass specimens. The tests were also performed for the bar- or tube-type specimens
and for the geometries displayed in Table 1. By complementing the information established
during other tests and available in various papers with those obtained during the tests
presented in the paper, the simulation process can be started.

Before presenting and discussing the results of the simulation, it should be noted that
regardless of the geometry of the cross-section, the value of the section is the same for the
bar specimens (113 mm2). The tube type specimens also feature the same value for the
respective section, but of course, the value is significantly reduced (34.5 mm2, which is
31% of the bar type section’s value). In this way, the efficiency of each type of specimen
and geometry can be better understood, while comparisons between results can be made
more easily. The bending force was applied halfway between the supports, where the
deformation of the specimen was maximal. Based on the test results, the simulation process
could be applied, which was performed under the same conditions as the tests, which were
as follows:

• the stress (load) force was equal to the one during the tests;
• the force was applied halfway between the supports;
• the distance between the supports was 180 mm;
• the physical and mechanical properties of the 3D printed structures were those estab-

lished by the tests, previously presented.

For the geometry of the section, we opted for the shapes described in Figures 1 and 2.
According to the theory, the bending strength depends on the moment of inertia (Iz) and the
distance between the point on the surface for which the calculus is made and the neutral
axis (ymax). The ratio between Iz and ymax is called the axial resistance moment (Wz) and
is a geometric feature of the cross section. The bending strength for the described stress
scheme is calculated by the relation:

σmax =
Mi·ymax

Iz
=

Mi

Wz
=

Fmax·l
4·Wz

, (1)

where Mi is the bending moment, Wz the axial resistance moment (modulus), Fmax the
maximum force that produced the rupture of the specimen, and l is the distance between
the supports. The study of relation (1) shows that in order to obtain the lowest possible
bending resistance, the geometry of the structure must feature an axial resistance modulus
that is as large as possible because it is assumed that the distance between the supports is
kept constant. In addition to the bar-type specimens, tube-type specimens with the same
cross-sectional geometries as those of the filled section (bar) specimens were printed.

The finite element analysis was performed with the Simulation module in Solid
Edge ST10 2D and 3D software for engineers (Siemens Industry Software Inc., Plano, TX,
USA). The simulation process was performed under the following conditions: mesh type–
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tetrahedral; study–linear static; meshing level–9 for all simulations, which generated a
mesh size between 1.6 and 3.45 mm (depending on specimens’ type and their geometries).

3. Results and Discussion

The specimens obtained through additive manufacturing were tested for bending. As
mentioned, this stress (load) is common in 3D printed structures. The simulation results
are presented in Table 2.

Table 2. Comparison between results of the tests and simulation, for 3D printed specimens, bending-stressed.

Specimen Cod
Test Results Simulation Results

Strength (MPa) Deformation
(mm) Strength (MPa) Deformation

(mm)
P_12 81.70 15.20 81.80 14.40
G_12 26.50 6.20 27.60 4.10

P_12_T 40.10 7.50 39.40 5.90
G_12_T 28.90 7.80 30.40 3.80
P_E18 54.90 5.80 55.30 6.10
G_E18 41.40 4.10 42.50 4.50

P_E18_T 82.30 6.40 83.10 8.20
G_E18_T 36.10 3.40 36.50 3.20

P_R12 62.70 9.10 61.50 9.70
G_R12 29.10 6.00 29.30 4.80

P_R12_T 35.50 4.60 38.60 5.20
G_R12_T 26.60 6.50 28.90 4.80

P_IS 45.70 4.20 47.80 4.90
G_IS 20.80 2.60 22.30 2.90

P_RC_T 32.10 5.70 33.80 6.80
G_RC_T 19.70 2.60 20.10 3.70

Figure 3 depicts the simulation results for the specimen with the rectangular section
obtained from the PLA filament.
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Figure 3. Results of the simulation process for P_R12 specimen (Von Mises stress).

The figure presents the value of the Von Mises stresses developed in the specimen,
when a force equal to that obtained in the bending tests was applied. In the force ap-
plication area, the figure demonstrates that the value of the bending stress was close to
that determined by tests. The value determined by the simulation was smaller than the
one registered in the test. Regarding the deformation value (see Figure 4), it was found
that it was greater than the real value, namely, the value recorded by the test equipment.
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Regarding the deformation, it should be mentioned that the theory demonstrates that the
analytical method of integration of the differential equation is applied for an approximate
deformed average fiber. Therefore, there are possible errors in the calculus compared
to reality.
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In Figure 5, the simulation results for the tube-type specimen with rectangular section
obtained from PLA filament is presented.
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The simulation of the deformation for the specimen P_R12_T is presented in Figure 6.
Using the capabilities of the simulation program, the value of the maximum deformation
that occurs in the specimen before it ruptures can be determined.

Polymers 2021, 13, x FOR PEER REVIEW 8 of 12 
 

 

 
Figure 5. Results of simulation process for P_R12_T specimen (Von Mises stress). 

The simulation of the deformation for the specimen P_R12_T is presented in Figure 
6. Using the capabilities of the simulation program, the value of the maximum defor-
mation that occurs in the specimen before it ruptures can be determined. 

 
Figure 6. Results of simulation process for P_R12_T specimen (total deformation values). 

The value obtained by the simulation was greater than the value recorded during 
the test. This error can be explained by the approximate methods of calculating the av-
erage fibre, but also by the elasticity of the tube-type specimen. 

Analyzing Table 2, it can be seen that the application of the simulation provided 
results close to those of the tests. In addition, the test and simulation data demonstrate 
that it was possible to optimize the geometry of the 3D printed structures. This statement 
is based on the following aspects. As mentioned, the bar-type specimens featured equal 
sections, as did the tube-type specimens. The length was 220 mm for all the 3D printed 
specimens. The deduction is that the volume was the same (V = A·l) for the bar or 
tube-type specimens, including their mass. All this occurred because it depended on the 
volume and density (m = Vρ). The density of the specimens remained constant if the 
printing parameters were not changed. 

Therefore, the efficiency of the section geometry is given by the ratio between the 
axial resistance modulus and the surface. When the Wz is higher, for the same surface of 
the 3D printed structure, the specimen can be stressed with higher forces until breaking. 
Thus, the ratio between the axial resistance modulus and the area can be considered an 
indicator of the efficiency of the section geometry, or it can reveal whether the section is 
optimal. Therefore, as this ratio is greater, the volume of the printed material in this 
structure is smaller, but with the same bending strength, or even higher. 

Figure 6. Results of simulation process for P_R12_T specimen (total deformation values).

117



Polymers 2021, 13, 4371

The value obtained by the simulation was greater than the value recorded during the
test. This error can be explained by the approximate methods of calculating the average
fibre, but also by the elasticity of the tube-type specimen.

Analyzing Table 2, it can be seen that the application of the simulation provided results
close to those of the tests. In addition, the test and simulation data demonstrate that it was
possible to optimize the geometry of the 3D printed structures. This statement is based on
the following aspects. As mentioned, the bar-type specimens featured equal sections, as
did the tube-type specimens. The length was 220 mm for all the 3D printed specimens. The
deduction is that the volume was the same (V = A·l) for the bar or tube-type specimens,
including their mass. All this occurred because it depended on the volume and density
(m = Vρ). The density of the specimens remained constant if the printing parameters were
not changed.

Therefore, the efficiency of the section geometry is given by the ratio between the axial
resistance modulus and the surface. When the Wz is higher, for the same surface of the 3D
printed structure, the specimen can be stressed with higher forces until breaking. Thus,
the ratio between the axial resistance modulus and the area can be considered an indicator
of the efficiency of the section geometry, or it can reveal whether the section is optimal.
Therefore, as this ratio is greater, the volume of the printed material in this structure is
smaller, but with the same bending strength, or even higher.

For the validation of the presented features, structures with section I were printed by
additive manufacturing. The respective structure featured a cross section 11% larger than
the bar-type structures used in the study. The dimensions of the surface made it possible to
increase the height of the specimen, which had a significant impact on the ratio between
the breaking force and the volume (see the last column in Table 3).

Table 3. Efficiency of the specimen cross-section.

Specimen
Code

Cross
Section

Surface
(mm2)

Volume
(mm3) Wz (mm3)

Wz/S
(mm)

F/V
(N/mm3)

P_12 Circular 113 24,900 170 1.50 0.012
G_12 Circular 113 24,900 170 1.50 0.004
P_E18 Ellipse 113 24,900 254 2.20 0.013
G_E18 Ellipse 113 24,900 254 2.20 0.009
P_R12 Rectangular 113 24,900 238 2.10 0.013
G_R12 Rectangular 113 24,900 238 2.10 0.006
P_12_T Circular 34.50 7600 88 2.50 0.010
G_12_T Circular 34.50 7600 88 2.50 0.007
P_E18_T Ellipse 34.50 7600 115 3.30 0.028
G_E18_T Ellipse 34.50 7600 115 3.30 0.012
P_R12_T Rectangular 34.50 7600 116 3.40 0.012
G_R12_T Rectangular 34.50 7600 116 3.40 0.009

P_IS I-section 125 27,600 902 7.20 0.032
G_IS I-section 125 27,600 902 7.20 0.015

P_RC_T Rect-cons 71.70 8100 174 2.40 0.015
G_RC_T Rect-cons 71.70 8100 174 2.40 0.009

Furthermore, in the case of the rectangular specimens with the tube section, a consoli-
dation was performed in the middle of the specimen (see Figure 7). The efficiency of this
consolidation can be followed by studying the values in the last column of Table 3. The
comment that needs to be made is that the value of the section is valid only for the middle
of the specimen, where it decreases by half, reaching the value of the tube-type sections.
The application of the consolidation demonstrates that the force that caused the specimen
rupture was greater than the force at which the specimens broke without this modification.
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Figure 7. Rectangular specimen with consolidation (inside view).

The positive evolution is valid for both materials used in the study. From the point of
view of volume, its increase by 6.5% for the reinforced rectangular specimens determined
an increase in the breaking force by 34.80% for the P_RC_T specimens and by 10.4% for
the G_RC_T specimens. In other words, with a small addition of material in well-defined
places, the bending strength increases (see Figure 8).
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Analyzing Figures 5 and 8, the differences between the stresses generated in the
same zone of the specimen are clearly demonstrated. This evolution is favorable for the
specimens that benefited from consolidation. Thus, the comparison demonstrates that the
simulation process can be applied with confidence in the additive manufacturing of PLA
structures and can be considered a useful and important tool for designers. The presented
features demonstrate that by optimizing the geometries of the additive manufactured
structures using the simulation process, it is possible to substantially improve their behavior
at the stresses that are applied to them. A smaller volume of printed filament also means
lower energy consumption for the structure processing. Implicitly, at the end of the lifecycle
of the structure, the volume to be recycled is lower.

The difference between the test results and those of the simulation for bending strength
was between—2.0% and 7.50% for the bar-type specimens and between—1.80% and 8.80%
for the tube-type specimens. For the deformations, the differences were between −32.80%
and 16.30% for the bar-type specimens and between −4.50% and 51.50% for the tube-type
specimens. In the deformation, the value of the errors was higher; this was firstly due to the
approximations of the deformed average fibre and, secondly, to the higher elasticity of the
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3D printed structures of the tube-type. Furthermore, some deformation values were very
small (2.60 mm), which may have led too error. For an easier and correct understanding of
the geometrical efficiency, the results from Table 3 (last column) are presented in graphical
form (see Figure 9).
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Figure 9. Efficiency of section geometry.

4. Conclusions

Three-dimensional printing is a relatively new manufacturing process compared to
the processes used by humans since antiquity, or even earlier. The novelty of the process
did not prevent it from being implemented in many fields of goods production. The
optimization of structures processed by different methods has become a necessity as the
engineering sciences have developed, and computational technology has increased its
computing capacity and speed. Through optimization, the material consumption decreases,
while the geometry of the processed structures receives a shape that makes it possible to
increase their loading capacity.

The presented study demonstrates that by applying the simulation process, it is
possible to optimize the geometry of the section for 3D printed structures. To check
whether the optimization by simulation of the geometry can be applied or not, several
geometries of the section, several types of structures (bar, tube) and two materials were
chosen. In this study, it was demonstrated that the use of simulation in the optimization
process leads to obtaining results in line with those determined by tests.

This study demonstrates that the simulation process provides results close to those
of tests and in line with the results presented in previously published. In some cases,
the values of the deformations evolved inappropriately evolution, but upon analysis, it
was possible to identify the causes. Consequently, by improving the modeling process,
the number of errors can be diminished. For the bar-type specimens, from the bending
resistance point of view, the most advantageous section was profile I and, after this, the
elliptical section. For the tube-type specimens, the most advantageous section was the
elliptical, followed by the rectangular section with consolidation. As mentioned, the results
of the simulation process demonstrate similar results for the bending strength to those
of the tests; however, in the area of force application, there was an increase in deviations
compared to the values obtained through the tests. A possible solution is the restoration of
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the simulations but using a digital replica the elements that interact during the tests that is
as accurate as possible. More specifically, this step means moving from a schematic to a
more complex representation of the elements involved in the bending test (support and
loading nose/anvil).

When the mechanical properties of 3D printed structures are known, the simulation
process can be applied with good results in order to optimize the geometry of those
structures. Depending on the progress that is registered in the field of simulation programs,
as well as in the theory of the materials’ strength, the differences highlighted in this
paper will possibly be reduced. Furthermore, other studies may yield new information on
mechanical and technological properties, depending on the printing parameters, which
will help to improve the simulation process; more precisely the differences between the
simulation results and those of the tests will be reduced.
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Abstract: In this research, the relationship between the curing strategies and geometrical accuracy
of parts under UV light was investigated. An IR camera was utilized to monitor the process using
different combinations of photosensitive resin and curing strategies. The influences of curing strate-
gies on different material compositions were studied with single-factor analysis. With the different
exposure frequencies of the UV light, the peak temperature was adjusted to avoid overheating. The
three-dimensional geometry of casting tensile bars was measured to investigate the shrinkage and
warpage during the curing process. Different material compositions were also selected to study
the effects of the maximum temperature on the shrinkage of the parts. The findings of this work
show that, with the same amount of energy input, a more fragmented exposure allows for a more
controllable max temperature, while one-time exposure leads to a high temperature during the
process. With the decrease of the released heat from the reaction, the shrinkage of the casting part
has a slightly increasing tendency. Moreover, the warpage of the parts decreased drastically with the
decrease of temperature. The addition of fillers enhances the control over temperature and increases
the geometrical accuracy.

Keywords: photopolymerization; curing strategy; reaction heat; shrinkage and warpage; additive
manufacturing

1. Introduction

UV curing additive manufacturing is one of the most important branches of the addi-
tive manufacturing system. With the ever increasing expansion of the UV curing system,
especially for desktop stereolithography (SLA) and digital light processing (DLP) printers,
UV curing-based additive manufacturing elicits much attention from both academia and
industries [1]. After the development of the fast digital light synthesis (DLS) printer, UV
curing printed parts have progressed even more from prototyping to being directly used
industrialized parts along with those manufactured using traditional manufacturing meth-
ods [2–4]. Moreover, since the curing requires less energy and a faster reaction rate, the
high efficiency and environmentally friendly characteristics are of great importance [5].

Although UV curing-based additive manufacturing has benefits such as a high resolu-
tion, smooth surface quality, and relatively fast printing, there are still several limitations
that affect the printing speed [6,7]. One of the most important factors is the reaction heat.
For free radical reactions, a massive amount of heat is released during curing because of
the breakdown of the carbon double bond [8,9]. With the development of personalized
applications, such as tooth printing, the minimization of the resin amount to avoid the
production of waste and reduce the cost is greatly desirable [10]. The lesser the amount
of resin, the harder it is to exchange the released heat with the surrounding liquid based
on a lower heat capacity. Since the regular thermoset resin is of a low heat conductivity,
the accumulated heat is problematic, including an inadequate surface quality, insufficient
mechanical performance, and low geometry accuracy [11–13]. There are several solutions
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available on the market to avoid these issues, but they have rarely been systematically
discussed. The initial temperature of resin on the mechanical properties of parts has been
discussed, which could reach a better surface quality but did not clearly change the me-
chanical properties [8]. Researchers have tried different methods to solve this issue: the
classic path is lifting the printing platform to let parts cool in the air and using a stirring
bar to remix the resin tank to help heat distribution; the surface exposure method using
micro shaking of the platform through a vacuum effect promotes the resin heat exchange
between the printing area and non-printing area; and, from the chemical side, using a
thinner layer or smaller exposure area to limit the heat release in the unit time can partially
solve the problem. However, most of these solutions result in a lower printing efficiency.
To maximize the printing speed with a large printing area, there is a dynamic cooling
method that uses laminar circulating cooling oil which is running under the printing area to
cool down the entire resin tank [6], but it requires extra structure and a circulation system.
Composite resin, with different fillers inside, will also affect the absorption and reflection of
the UV light; however, the majority of the research focuses more on the final part properties
and the double bond conversion rate [14,15].

Shrinkage and warpage is another concern with regard to the free radical cured resin,
the average shrinkage reaching between 5 and 20% depending on the selection of oligomers
and monomers [16,17]. During the printing process, once a certain level of shrinkage and
warpage are achieved, the distortion of the focal plane will increase the number of errors
on the Z-axis that eventually deteriorate the integrity of the products. The delamination
between layers generated from the shrinkage and warpage is one of the major drawbacks
of UV curing additive manufacturing [18,19]. The origins of the problem can be classified
into several major factors: chemical reaction, residual stress, cooling time, etc. [10,20,21].
The heat expansion and linear shrinkage after curing were discussed and a model was
built [22]. The solution is to lower the intensity and slow down the average reaction rate,
and also change to an optimized resin that has a lower shrinkage rate. The fillers could
help decrease the shrinkage and warpage; however, information on the changing curing
strategies of the filler resin is still missing [23].

In summary, the effect of the reaction heat released on the part during the process has
not been fully discussed yet since the temperature increases the reactivity of the free radical
reaction while at the same time dramatically decreasing the viscosity of the resin and heat
expansion. The main focus of this research is to observe the in situ heat released during
the printing process and compare the properties of the obtained final parts, including the
part shrinkage and the warpage rate. These results could help investigate and optimize the
processing parameters and promote the final properties of the part with a relatively small
effect on the printing efficiency. Thus, it is essential to unearth the effect of the reaction heat
during the curing process to improve the final printing accuracy.

In this paper, we first systematically analyze the effect of the curing strategies on the
maximum local reaction temperature with the customized resin using an IR camera. The
maximum temperature and the effects of different temperatures on the part shrinkage and
warpage after the parts were cured are discussed. Moreover, two different shapes of fillers
were added into the resin to investigate the basic effects of composite materials’ shrinkage
and warpage compared with the non-filler resin.

2. Methods
2.1. Preparation of Hybrid Resin

The matrix of the resin was prepared using aromatic urethane acrylate (3-isocyanato
methyl-3,5,5-trimethylcyclohexyl isocyanate, Photomer 6628) as the oligomer, HDDA (Pho-
tomer 4017) as the reaction diluent, and Photoinitiator 1173 (Omnirad 1173). UV resin was
purchased from IGM Resins, Netherlands.

Extra agent and fillers were also added to the resin based on the different demands of
the prepared resins. Fumed silica (Aerosil 200, Evonik, Germany), with an average particle
size of 12 nm, was used as the viscosity and thixotropic agent, while glass spheres and
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short glass fibers were implemented during the casting process. The glass spheres had a
particle size between 30 and 50 µm, and the short glass fibers had an average length of
200 µm, as shown in Tables 1 and 2. The filler amount was set at 5% based on the testing
limitation and reference [24].

Table 1. Milled glass fiber.

Filler Glass Fiber SEM

Brand Taishan EMG-200
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allowed to cool to room temperature. The material compositions are shown in Table 3.

Table 3. The composition of the test material (weight percentage).

Oligomer Monomer Photoinitiators Fumed Silica Glass Sphere Short Glass Fiber

1 58% 38% 3% 1% - -
2 57% 37% 3% 3% - -
3 56% 36% 3% 5% - -
4 54% 35% 3% 3% 5% -
5 53% 34% 3% 5% 5% -
6 53% 34% 3% 5% - 5%

2.2. Casting Mold

The standard dog bone samples were prepared in accordance with the ISO 20753,
standard type 1BB. An SLA printer was initially adopted for the male casting mold followed
by the replication on PDMS to the female mold which is shown in Figure 1.

Figure 1. The casting mold of (a) the 1BB type geometry of tensile bar and (b) the male casting mold
made by SLA.
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2.3. Temperature Observation

The UV oven (AMP Technica AG, Germany) was equipped with three levels of light
intensities. In order to assure the exposure of an equivalent amount of light energy to
all samples together with the control of the reaction rate using the light intensities, the
lowest level of light intensity (10 mW/cm2) was selected. The sample was positioned in the
middle of the two UV led lamps, for which the position was labeled to ensure all samples
were placed in identical locations.

The IR instrument was placed at the corner of the oven with a proper angle to monitor
the curing process of the tensile bar by three points (Figure 2b) which divided the bar into
three parts. Moreover, the average temperature during the reaction was recorded for the
calculation of heat released during the mold casting.

Figure 2. (a) Inner structure of UV oven and (b) sampling positions of IR camera.

2.4. Curing Strategies

During the previous research, the material had about a 3 s initiation time to generate
sufficient free radicals to eliminate the oxygen and initiate the curing [25]. In comparison
with the commercial printer, the ratio between the light being on and off is about 3:7; thus,
we designed several groups of curing strategies to determine the effect on the average
temperature of the resin in the mold. Intensive pre-testing of the suitable curing time was
conducted to investigate the position where the temperature remains unchanged while
oxygen has been consumed. Due to the massive heat release during curing, we decided to
disjointedly expose the tensile bars to UV light with various fragmented UV exposure times,
while keeping the total UV exposure time identical (8 s). The fragmented UV exposure time
were 4 s, 2 s, and 1 s, which requires the repetitive exposure to UV light 2, 4, and 8 times,
respectively, with 4 s time intervals, as shown in Figure 3 [25]. The detail experiment groups
are shown in Table 4. The curing time was set up on the UV oven control panel and the
time interval was fixed to 4 s.

Figure 3. The curing strategies by control UV light.
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Table 4. The curing strategies.

Group Exposure Time (s)

1 3 8 - - - - - - -
2 3 4 4 - - - - - -
3 3 2 2 2 2 - - - -
4 3 1 1 1 1 1 1 1 1

2.5. Shrinkage and Warpage

The pronounced shrinkage, together with the large heat release during UV curing,
affects the stress distribution of the residues, which leads to the strong warpage that greatly
hinders the application of UV curing resin. Thus, it is of importance to investigate the heat
released from the curing, which was identified by the tensile bar geometry and warpage
angle. For the tensile bar, the width, length, and thickness were measured three times
for each bar, and the warpage angle was measured with the protractor. The shrinkage
measurements were taken with the width and the length of the tensile bar flattened on the
table as shown in Figure 4a, and the warpage was measured using the angle between the
flat surface and the highest position as shown in Figure 4b.

Figure 4. (a) Shrinkage measurement position and (b) warpage measurement angle.

3. Results and Discussion
3.1. Effects of Different Curing Strategies and Fumed Silica Ratio on Reaction Heat Control

Two types of resin with different amounts of fumed silica were measured, which
was used to adjust the initial viscosity based on the high surface area of the nanoparticles.
However, to investigate the resin at a certain viscosity, the effects of the fumed silica on
temperature need to be clarified.

Although the peak temperature reveals a minute difference, the increase of temper-
ature was significantly altered in the presence of the fumed silica, which indicates that
the nanoscale silica particles may reflect the UV light to the surroundings, enhancing the
curing. Comparing Figures 5a and 5b, the first peak of the temperature was reached in a
shorter period of time with a higher value when 5% FS was added, except for at the 8 s
exposure time, which may be due to the attainment of the highest conversion. For example,
at a 4 s curing time, the temperature of 5% FS was 20 ◦C higher than that of 1%, while, at a
2 s curing time, the 1% FS curve revealed no peak while the appearance of a peak in 5% FS
was detected.

Moreover, it was found that the curing strategies greatly affect the value of peak
temperature; the was higher the frequency of the cooling intervals, the lower was the peak
temperature. The above-mentioned conclusion was important for the preparation of the
materials because, for low flash point materials, a lower peak temperature facilitates the
reduction of heat residual stress, enabling the uniform distribution of temperature.

In general, the addition of 5% fumed silica did not drastically decrease the temperature
during the curing process, and since it was utilized as the thixotropy agent for the resin, the
excess addition of fumed silica decreased the flowability of the resin. However, it should
be noted that the increase of the fumed silica content up to 5% results in a faster curing
with a more uniform distribution [15,26].
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Figure 5. Effects of fumed silica amount and curing strategies on the reaction heat temperature.

3.2. Effects of Different Curing Strategies and Filler Types on Reaction Heat Control

The polarized microscope image in Figure 6 shows the distribution of fillers in the
middle region of the tensile bar. Both the glass spheres and glass fibers were uniformly
distributed in the bar. Moreover, in terms of the orientation of the glass fiber, as shown in
Figure 6a, it was perpendicular to the paper, where the transparent holes indicate the fiber
remained in place while the dark holes indicate the absence of the fiber.

Figure 6. Polarizing microscope image of cured composite resin cross-section area.

In Figure 7, two types of fillers—glass spheres and short glass fibers—were added into
the resin to study the effects of different fillers on heat control during curing. From the
above-mentioned observations of fumed silica, the fillers were uniformly distributed in the
resins and could maintain the dispersion for at least a month.

Figure 7. Effects of filler type and curing strategies on the reaction heat temperature.

In the case of an 8 s curing time, the difference between the first peak temperatures of
the two fillers was insignificant; however, higher heat releases within a shorter curing time
were observed for both fillers. The results may due to the fact that under a relatively long
light exposure time (8 s), the impact of fillers on the curing process is negligible.

With a 4 s curing time, the glass spheres as filler demonstrated a milder heat release
at the first peak (93 ◦C) in comparison with that of the glass fibers (105 ◦C). With a 2 s
curing time, the glass fibers as filler revealed a higher first peak of 66 ◦C compared with
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the glass spheres’ peak of 43 ◦C, which indicates the higher curing degree of the resin. The
results may due to the inherent anisotropic structure of the glass fiber, which outcompetes
the isotropic structure of the glass sphere in regard to the facilitation of curing since the
oriented microstructure of the glass fiber reflects the light between fillers more efficiently.

Figure 8 presents the comparison of the peak temperatures during the curing process
under different conditions. Figure 8a illustrates that with the increase of the loadings of
fumed silica nanoparticles from 1% FS, the maximum reaction temperature first increased
at the 3% FS loadings followed by a decrease down to its original level at the 5% FS loadings.
Thus, the optimal loading of fumed silica nanoparticles that promotes the absorption and
reflection of the UV light is 3% FS. Moreover, once the exposure time decreased, the decline
of the average reaction temperature was significant even under identical total energy
input. Regardless of the exposure time, the 3% FS loadings reveal an increase in reaction
temperature and the discrepancy between 8 s and 1 s was as large as 60 ◦C, which decreases
the thermal stress during the cooling stage and increases the printing accuracy.

Figure 8. Comparison of the reaction temperatures using different curing strategies.

The comparison between different types of filler was also investigated. As shown
in Figure 8b, the reaction heat was slightly reduced regardless of the type of filler, which
further decreased the maximum reaction temperature during curing. The effects of fillers
on curing depended on the shape of the fillers.; the fumed silica nanoparticles revealed
the least impact while the glass spheres decreased the reaction temperature to a higher
degree compared to the glass fibers. In addition to the reaction temperature, the shape of
fillers may also affect the UV absorption and reflection during light exposure; however, the
difference of temperature was insignificant due to the low loading of fillers (5%).

3.3. Effects of Curing Strategies on Parts Volume Shrinkage

UV-initiated radical curing is known for its shrinkage during the printing process,
which drastically decreases the printing accuracy of parts and increases the printing diffi-
culties. Thus, we tend to measure the shrinkage and warpage of the parts under different
curing conditions with various curing strategies.

As shown in Figure 9, the effect of fumed silica loadings on the shrinkage of parts in
three dimensions was measured. The fumed silica was initially regarded as a thixotropic
agent and the suitable loading range for direct writing printing was selected from 1% to
5%. From the graph, we noticed that the increase of fume silica loadings barely impacted
the length and width of the tensile bar; however, with regard to the thickness, the increase
of the fumed silica content greatly increased the shrinkage. Moreover, the decrease of the
fragmented exposure time from 8 s to 4 s, 2 s, and 1 s shows pronounced increases for
the shrinkage of width and thickness, which may due to the fast curing of the tensile bar
surface under a relatively long UV exposure time (8 s) that prevents the penetration of light
into the inner layer.
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Figure 9. The shrinkage of tensile bar with different amounts of FS.

In Figure 10, the comparison between different materials and curing strategies on the
shrinkage of tensile bars in three dimensions is shown. In general, the shrinkage in length
was as low as 3%, which is insignificant in terms of free radical curing. Comparatively, the
shrinkage in width is obvious for both the glass fibers and glass spheres and is more distinct
in the latter case. In terms of thickness, due to the casting method, one side of the surface is
exposed to the atmosphere, which leads to significant differences in comparison with the
other two directions in shrinkage. As a result, the shrinkage in thickness increased, varying
from 14% to 23% depending on the different curing strategies and materials. Conclusively,
with the increase of fragmented exposure time, barely any changes were detected in length,
the width increased gradually, and the discrepancy in thickness was the most significant,
which may have been due to the oxygen inhibition.

Figure 10. The shrinkage of tensile bar under four curing strategies with different fillers.

3.4. Effects of Curing Strategies on Parts Warpage

From the results of the warpage studies in Figure 11, the addition of glass spheres and
glass fibers drastically decreased the warpage degree, while the glass fibers resulted in a
higher degree of decreasing which may have been due to the shape and orientation of the
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glass fibers that enhanced the flexural strength along the axial direction. By following the
direction of the mold, the glass fibers were oriented and parallel to the surface after casting.

Figure 11. The warpage of the tensile bars with different fillers.

The casting direction was extruded along with the mold, so the glass fibers were orien-
tated by the liquid flow and kept parallel to the surface. At this position, the floating glass
fibers can reinforce the tensile bar structure to resist the deformation and residual stress.

In addition, with the decrease of the fragmented exposure time, the warpage angle
decreased at the same time, which means the warpage maintains the flat surface that allows
a second layer of deposition during the additive manufacturing process.

4. Conclusions and Outlook

In this paper, the UV curing for casting parts was investigated to study the maximum
reaction heat, shrinkage, and warpage under different curing strategies and types of fillers.
The differences in curing strategies with identical total exposure times were evaluated to
understand the effects on temperature control. Moreover, the effects of the type of filler
were also tested to understand how the shape of fillers affects the heat release. The results
show that with the increase of the loading of fumed silica, the reaction heat first increased
and then decreased; however, the shrink in width and thickness was increased, especially
in the fragmented exposure time of 1 s. On top of that, the addition of fillers led to a
slight decrease in the maximum reaction heat, and it should be noted that the shortening
of the fragmented exposure time, while keeping the total exposure time identical (8 s),
accounted for the drastic decrease of the maximum reaction temperature. In light of the
types of fillers, the addition of short fibers decreased the total shrinkage more than the glass
spheres based on the anisotropic shape that changes the light path. Moreover, both the
decreases of fragmented exposure time and the addition of fillers decreased the warpage of
the parts, and the glass fibers showed a higher warpage resistance in comparison with the
glass spheres.

The results of this paper provide guidance for material design and development for the
UV curing resin based on different applications in terms of the model geometric accuracy.
The studies of the two types of fillers on shrinkage and warpage also provide new routes
for composite resins for functional printing purposes.
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Abstract: In selective laser sintering (SLS), the heating temperature is a critical parameter for print-
ability but can also be deleterious for the stability of active ingredients. This work aims to explore
the plasticizing effect of di-carboxylic acids on reducing the optimal heating temperature (OHT) of
polymer powder during SLS. First, mixtures of copovidone and di-carboxylic acids (succinic, fumaric,
maleic, malic and tartaric acids) as well as formulations with two forms of ibuprofen (acid and sodium
salt) were prepared to sinter solid oral forms (SOFs), and their respective OHT was determined.
Plasticization was further studied by differential scanning calorimetry (DSC) and Fourier-transform
infrared spectroscopy (FTIR). Following this, the printed SOFs were characterized (solid state, weight,
hardness, disintegration time, drug content and release). It was found that all acids (except tartaric
acid) reduced the OHT, with succinic acid being the most efficient. In the case of ibuprofen, only
the acid form demonstrated a plasticizing effect. DSC and FTIR corroborated these observations
showing a decrease in the glass transition temperature and the presence of interactions, respectively.
Furthermore, the properties of the sintered SOFs were not affected by plasticization and the API was
not degraded in all formulations. In conclusion, this study is a proof-of-concept that processability in
SLS can improve with the use of di-carboxylic acids.

Keywords: selective laser sintering; di-carboxylic acids; plasticizers; solid oral forms; printability;
heating temperature

1. Introduction

In the era of patient-centred medicine, the medical field is increasingly gaining interest
in 3D printing [1,2]. This flexible technology enables manufacturing of complex structures
that could match the anatomical and physiological needs of each patient [3]. For example,
“Invisalign®” is a transparent 3D-printed orthodontic device that tailors the malocclusions
of patients [4]. Recently, this innovative technology has expanded to the production of
solid oral forms (SOFs) and the first Food and Drug Administration (FDA)-approved 3D
printed pill, “Spritam®”, was commercialized in 2015 [5]. Among the different 3D printing
techniques, selective laser sintering (SLS) shows great potential to produce personalized
pharmaceutical oral forms [6,7], especially porous forms such as orally disintegrating
printlets (ODPs) [8,9].

SLS is a 3D printing process based on the consolidation of powder particles by se-
lectively scanning them with a laser, such as a CO2 laser [6]. While studies have already
demonstrated the benefits of SLS to tune drug release by varying the structure of the print-
lets [10–12], there is still a lack of insight into the printability of pharmaceutical materials.
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Thus, before exploring the endless possibilities of pharmaceutical applications with SLS, it
seems necessary to master the 3D printing process. Now, efforts are being performed by
pharmaceutical engineering and formulation specialists to understand the relationship be-
tween the feedstock material and the process parameters [13,14]. In SLS, prior to sintering,
the powder must be heated, and this heating temperature depends on the thermal proper-
ties of the polymer (glass transition temperature and melting temperature for amorphous
and crystalline polymers, respectively) [15]. Optimal heating avoids phenomena such as
curling of the sintered layers due to a high thermal gradient between the high laser energy
and the temperature of the powder bed [16]. Furthermore, when the powder contains more
than one component, the heating temperature that ensures optimal printing can change,
especially if the new component modifies the thermal properties of the mixture. For in-
stance, it has been demonstrated that paracetamol can reduce the heating temperature of
the sintering process due to its plasticizing effect [17]. Similar observations were made
in hot-melt extrusion (HME) [18] and fused deposition modelling (FDM) [19], where the
introduction of plasticizers or even active pharmaceutical ingredients (APIs) decreased the
extrusion and printing temperatures by reducing the melt viscosity of the formulation.

In SLS, most of the energy required to consolidate the powder is provided by the
heating step, and then the laser finalizes the particle coalescence to produce the printlet [20].
Plasticizers could be beneficial in lowering the heating temperature, which would protect
the API from degradation. Besides thermal degradation, studies have demonstrated that
recycling unsintered powder that has undergone multiple heating cycles can modify the
physicochemical properties of the material, such as particle size and molecular weight [21].
Therefore, plasticizers could be used as stabilizers to conserve the initial properties of the
powder by decreasing the processing temperatures.

Plasticizers are widely used in industrial manufacturing of plastics to improve the
mechanical performances of the materials [22]. They are small molecules that increase
the mobility of the polymer chains they are mixed with, usually by forming hydrogen
bonds with the functional groups of the polymer [23]. While phthalates are one of the
most frequently consumed plasticizers for the manufacturing of flexible plastics [24], they
have recently been the subject of increasing concern because of their ubiquity in the en-
vironment [25] and their endocrine disrupting effects [26]. For these reasons, synthetic
plasticizers are starting to be replaced by safer and more environmentally friendly plasti-
cizers. Among these renewable and bio-sourced plasticizers are di-carboxylic acids such as
succinic acid [27], fumaric acid [28] and tartaric acid [29]. Although these components are
typically utilized as esters to plasticize thermoplastic polymers [30,31], they can also be
used in their acid form [32].

There are several theories that explain the mechanisms behinds plasticization [33]. An
example is the lubricity theory which holds that the plasticizer acts as a molecular lubricant
under pressure, allowing the polymer chains to move freely [34]. In the gel theory [35],
the plasticizer moves the attraction points (Van der Waals and hydrogen bonds) between
the chains of the polymer which is considered as a gel, thereby increasing the mobility.
The mechanistic theory is a modified version of the gel theory [36], stipulating that the
plasticizer can move freely between the polymer chains by solvation / desolvation and
are not fixed attraction points as suggested by the gel theory. On the other hand, the free
volume theory considers that the plasticizer contributes to increase the free volume of the
polymer and reduce the glass transition temperature (Tg) [37], hence providing the chains
more space to move.

Although the plasticizing effect is well-known, the use of pharmaceutical excipients
such as di-carboxylic acids to reduce the sintering temperature of the SLS process has
not yet been explored. Thus, this work aims to investigate, as a proof of concept, the
potential plasticizing effect of five structurally different di-carboxylic acids (Figure 1) by
formulating them with copovidone (Kollidon VA64), one of the most investigated thermo-
plastic polymers in SLS for the manufacturing of solid oral forms (SOFs) [8,9,11]. As this
copolymer of polyvinyl pyrrolidone and vinyl acetate only contains H-bond acceptors [38],
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a possible plasticizing effect can be envisaged with H-bond donors such as di-carboxylic
acids. In addition, the effect of API as a plasticizer was further investigated in the case of
ibuprofen. This API was chosen because its acid form possesses a carboxylic acid group
that is available to act as H-bond donor as previously reported [39]. It is also a good
example of a thermolabile drug with low melting and degradation temperatures which can
undergo degradation when submitted to thermal stress [40]. Lastly, differential scanning
calorimetry (DSC) and Fourier-transform infrared spectroscopy (FTIR) were conducted to
explore the mechanisms of plasticization and the degradation of the drug was assessed by
ultra-high performance liquid chromatography (UHPLC).
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2. Materials and Methods
2.1. Materials

Kollidon® VA64 (KVA64) was donated by BASF (Ludwigshafen, Germany). Ibuprofen
acid (IbuAc) and ibuprofen sodium salt anhydrous (IbuNa) were provided by Fagron (Rot-
terdam, Netherlands) and Sigma-Aldrich (Saint-Louis, MO, USA), respectively. Succinic
acid (SA) (anhydrous, free-flowing, Redi-Dri™, ACS reagent ≥ 99.0%), fumaric acid (FA)
(≥99.0% (T)), maleic acid (MA) (ReagentPlus® ≥ 99% (HPLC)), L-(-)-malic acid (MLA)
(≥95% (titration)) and L-(+)-tartaric acid (TA) (ACS reagent ≥ 99.5%) were purchased from
Sigma-Aldrich (Saint-Louis, MO, USA). Figure 1 illustrates the chemical structure of the
different components used in the printing process.

Hydrochloric acid (37%) for the preparation of dissolution medium was purchased
from Carlo Erba Reagents (Milano, Italy). Formic acid (reagent grade, ≥95%) and acetoni-
trile (HPLC gradient grade, ≥99%) were obtained from Sigma-Aldrich (Saint-Louis, MO,
USA).

2.2. Preparation of Mixtures

Binary mixtures of KVA64/di-carboxylic acid and KVA64/drug as well ternary mix-
tures of copovidone/succinic acid/IbuNa were prepared. Table 1 summarizes the com-
position of the different mixtures. Prior to mixing, due to their large particle size, the
di-carboxylic acids were ground with a pestle and mortar, then all components were sieved
through a 250 µm sieve. The mixing was carried out on a 3D shaker mixer Turbula®T2F
(WAB, Muttenz, Swizterland) at a speed of 49 rpm for 10 min.
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Table 1. Composition of the different mixtures.

Mixtures KVA64 IbuAc IbuNa SA FA MA MLA TA

KVA64/IbuAc 95% 5%
KVA64/IbuNa 95% 5%

KVA64/SA 95% 5%
KVA64/FA 95% 5%
KVA64/MA 95% 5%

KVA64/MLA 95% 5%
KVA64/TA 95% 5%

KVA64/SA10 90% 10%
KVA64/SA15 85% 15%
KVA64/SA20 80% 20%

KVA64/IbuNa/SA 90% 5% 5%
KVA64/IbuNa/SA10 85% 5% 10%
KVA64/IbuNa/SA15 80% 5% 15%
KVA64/IbuNa/SA20 75% 5% 20%

KVA64: Kollidon VA64, IbuAc: ibuprofen acid, IbuNa: ibuprofen sodium salt, SA: succinic acid, FA: fumaric acid,
MA: maleic acid, MLA: malic acid, TA: tartaric acid.

2.3. Printing of Solid Oral Forms

First, OnShape®(Onshape, Boston, MA, USA), an online computer-aided design
(CAD) software and Slic3r® 1.2.9, an open-source software, were used for the design and
slicing of the cylindrical SOF (10 mm diameter × 3 mm height), respectively. Then, 300 g
of each powder was loaded into the Sharebot® SnowWhite 3D SLS printer (Sharebot,
Nibionno, Italy) and thirty-six SOFs were launched for batch printing. Before printing, the
powder was heated during 30 min and the temperature mode was set to powder temperature.
While the laser power, scan speed and layer thickness were set constant (25%, 35,000 pps
and 100 µm, respectively), the powder temperature was modified as this is a key parameter
for this study. It was first set to a low value empirically based on the glass transition
temperature (Tg) of the powder mixture and then incremented by 5 ◦C until the optimal
heating temperature was attained (Table 2). The optimal heating temperature (OHT)
corresponded to the minimum temperature at which all SOFs were completely printed
without curling of the sintered layers in a reproducible manner (three times).

Table 2. Optimal heating temperatures for the different powders.

Powders Optimal Heating Temperature (◦C)

KVA64 110
KVA64/IbuAc 70
KVA64/IbuNa 110

KVA64/SA 95
KVA64/FA 105
KVA64/MA 105

KVA64/MLA 105
KVA64/TA 110

KVA64/SA10 85
KVA64/SA15 80
KVA64/SA20 80

KVA64/IbuNa/SA 95
KVA64/IbuNa/SA10 85
KVA64/IbuNa/SA15 80
KVA64/IbuNa/SA20 80

After sintering with a CO2 laser (λ = 10.6 µm), SOFs were removed from the printing
bed and brushed to remove their powder excess.
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2.4. Differential Scanning Calorimetry (DSC)

DSC was used to determine the melting point (or glass transition temperature) of
the individual components (copovidone, drugs and di-carboxylic acids) and the different
physical mixtures prepared. Samples of 5–10 mg were placed in sealed aluminum pans
and heated from 25 ◦C to 200 ◦C at 10 ◦C/min with a DSC 4000 (Perkin Elmer, Waltham,
MA, USA). A heat-cool-heat cycle method was used to remove the thermal history of
copovidone. Nitrogen was employed as the purge gas with a flow rate of 20 mL/min.
Data collection and analysis were carried out with Pyris Manager software (Perkin Elmer,
Waltham, MA, USA). The glass transition temperature measurements were realized in
triplicate and the results were expressed as the mean value ± standard deviation.

2.5. Thermogravimetric Analysis (TGA)

TGA was used to characterize the degradation profile and determine the 2% degrada-
tion point (Td2%) of the different components (copovidone, drugs and di-carboxylic acids).
The measurements were performed with a TGA Q50 (TA instruments, Waters Corporation,
New Castle, DE, USA) from 30 ◦C to 700 ◦C at a heating rate of 15 ◦C/min under air
flow. Platinum pans were used with an average sample weight of 10 mg. Data analysis
was conducted using Universal Analysis 2000 (TA instruments, Waters Corporation, New
Castle, DE, USA).

2.6. Fourier-Transform Infrared Spectroscopy (FTIR)

Infrared spectrophotometer Vector 22 FTIR (Bruker, Billerica, MA, USA) was employed
to investigate potential hydrogen bond interactions formation during SLS. The absorbance
of individual components (copovidone, drugs and di-carboxylic acids) and sintered SOFs
was recorded from 4000 to 400 cm−1 at room temperature and averaged over 32 scans
at 2 cm−1 resolution. Disks of 100 mg were prepared by mixing and then compressing
10 mg of the sample (or 0.5 mg for the drugs and the di-carboxylic acids) with Q.S. (Quan-
tum satis) of anhydrous potassium bromide (previously dried in the oven at 100 ◦C for
30 min). The FTIR spectrums were treated using OPUS 6.5 infrared software (Bruker,
Billerica, MA, USA).

2.7. X-ray Powder Diffraction (XRPD)

The solid state of the materials used in this study and the sintered SOFs was char-
acterized using a Bruker D8 Advance diffractometer (Bruker, Billerica, MA, USA) and
monochromatic Cu Kα1 radiation (λα = 1.5406 Å, 40 kV and 40 mA). The angular range
of data recorded was 2–70◦ 2θ, with a stepwise size of 0.02◦ and a speed of 0.1 s counting
time per step, using LINXEYE detector 1D.

2.8. Weight, Hardness and Disintegration Time of the Sintered SOFs

For each formulation, the weight and hardness of ten SOFs were determined using
an Adventurer® precision electronic balance (OHAUS, Parsippany, NJ, USA) and a Sotax
Multitest 50FT (Sotax AG, Switzerland), respectively.

Disintegration tests were performed on a Sotax DT50 disintegration apparatus (Sotax
AG, Switzerland) with distilled water (800 mL) at 37 ◦C following the European Phar-
macopeia guidelines [41]. For each powder, six SOFs were tested simultaneously. The
disintegration time was reached when no residue was present at the bottom of the test
basket. The results were reported as a mean value ± standard deviation.

2.9. Drug Release of the Sintered SOFs

A dissolution test was carried out for SOFs containing IbuNa or IbuAc with a Pharma
Test DT70 dissolution tester (Hainburg, Germany) using a paddle-type apparatus (Euro-
pean Pharmacopeia) [42]. For each formulation, three SOFs were individually placed in
the dissolution vessels each containing 800 mL of 0.1 M HCl and stirred at 100 rpm and
37 ± 0.5 ◦C. Samples were automatically analyzed every 5 min using a continuous flow
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system connected to an 8 cell Specord 250 UV/Vis spectrophotometer (Analytik Jena, Ger-
many) at a wavelength of 268 nm. The results were expressed as mean values ± standard
deviation.

2.10. Drug Content of the Sintered SOFs

For each formulation, three SOFs were dissolved in 100 mL of a mixture (40%/60%) of
solvent A (distilled water/formic acid (1%, v/v)) and solvent B (acetonitrile). Samples of
the solutions were then diluted and the concentration of the drug was determined by ultra-
high performance liquid chromatography (UHPLC) using a UHPLC-DAD system. This
consisted of a Thermo Scientific™ Dionex™ UltiMate™ 3000 BioRS equipped with a WPS-
3000TBRS autosampler and a TCC-3000RS column compartment set at 35 ◦C (Thermofisher
Scientific, Waltham MA, USA). The system was operated using Chromeleon 7 software.
An Accucore C18 column (2.6 µm, 100 mm × 2.1 mm) combined with a security guard
ultra-cartridge (Phenomenex Inc., Torrance CA, USA) was used. An isocratic binary solvent
system was utilized, consisting of solvent A and solvent B (40%A, 60%B). The flow rate of
the mobile phase was 1.5 mL/minute, and the injection volume was 50 µL. Quantitative
analysis of IbuAc and IbuNa in the SOFs was carried out using an external standard
method. The calibration curve for each form of the drug was constructed using 5 different
standard levels of the corresponding form in the concentration range 1–20 mg/L. The peak
of ibuprofen was monitored at 258 nm.

2.11. Statistical Analysis

The effect of formulation composition on the glass transition temperature, weight,
hardness and disintegration time of SOFs was analyzed statistically. One-way analysis
of variance (ANOVA) in conjunction with Tukey’s HSD (honestly significant differences)
test were used to determine the statistical significance of the differences among the groups
(p < 0.05).

3. Results and Discussion

For this study, different di-carboxylic acids were investigated as potential plasticizers.
In order to assess how structural changes such as the presence of a double bond, orientation
of the carboxylic acid groups in the molecule or the presence of hydroxyl groups can affect
the plasticizing effect, succinic acid (butanedioic acid) was compared with fumaric ((2E)-
but-2-enedioic), maleic ((2Z)-but-2-enedioic), malic (2-hydroxybutanedioic) and tartaric
(2,3-dihydroxybutanedioic) acids. In addition, IbuAc and IbuNa were used to explore the
potential effect on plasticization of switching an API from its acid form to its salt form.

3.1. Thermal Analysis

One of the most common ways to demonstrate a plasticizing effect is to analyse the
samples by DSC and observe whether a decrease in the glass transition temperature (Tg)
of the polymer is detected [43]. In this study, Tg of the different mixtures were measured
from the second heating scan after removal of their thermal history [17]. After the first
heating scan, the components present in all formulations were dissolved in the polymeric
matrix and amorphized, hence no endothermic melting peaks were observed. Therefore,
DSC thermograms of the physical mixtures containing copovidone and drugs or acids
revealed only the Tg. Table 3 shows the glass transition temperatures of copovidone and
the different prepared mixtures.
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Table 3. Thermal properties of the different components and mixtures.

Powders Tg (◦C) Tm (◦C) Td2% (◦C)

KVA64 99.30 ± 1.27 / 302.54
IbuAc / 79.51 137.12
IbuNa / 164.61 234.09

SA / 190.42 166.86
FA / 299.01 193.77
MA / 146.65 142.15

MLA / 106.67 165.79
TA / 174.99 190.74

KVA64/IbuAc 80.69 ± 0.47 / 235.97
KVA64/IbuNa 93.15 ± 1.41 / 278.71

KVA64/SA 84.59 ± 0.86 / 237.92
KVA64/FA 84.25 ± 1.54 / 256.67
KVA64/MA 85.68 ± 0.24 / 207.91

KVA64/MLA 84.26 ± 1.35 / 239.32
KVA64/TA 89.55 ± 1.27 / 230.65

KVA64/SA10 74.40 ± 1.18 / 218.57
KVA64/SA15 66.84 ± 1.88 / 208.37
KVA64/SA20 57.51 ± 0.89 / 195.95

KVA64/IbuNa/SA 75.39 ± 1.29 / 237.82
KVA64/IbuNa/SA10 63.90 ± 0.34 / 217.75
KVA64/IbuNa/SA15 58.56 ± 1.77 / 197.90
KVA64/IbuNa/SA20 45.07 ± 1.05 / 186.50

Tg: glass transition temperature, Tm: melting temperature, Td2%: temperature at 2% of degradation.

Results in Table 3 show a decrease in the glass transition temperature of copovidone
from 99.3 ◦C to 93.2 ◦C and 80.7 ◦C in the presence of IbuNa and IbuAc, respectively. The
greater decrease in Tg observed with IbuAc may be due to the formation of hydrogen bonds
between the copovidone and the carboxylic acid group of IbuAc which induces an increase
in the mobility of the system [44]. Table 3 shows that adding the different di-carboxylic
acids at rate of 5% to copovidone provokes a reduction in Tg. On one hand, Tg decreased
to 89.6 ◦C after TA was incorporated. On the other hand, mixtures with the other acids (SA,
FA, MA and MLA) presented a lower and similar Tg (84.3–85.7 ◦C) with no statistically
significant difference. In addition, as the proportion of succinic acid increased, the Tg
reduced proportionally to 57.5 ◦C for 20% of SA. Furthermore, ternary mixtures containing
copovidone, SA and IbuNa showed a lower Tg compared to their binary counterpart
mixtures with the same percentage of SA, which could imply a synergistic effect of SA and
IbuNa on plasticization.

The advantage of using plasticizers is their ability to reduce the optimal heating
temperatures (OHT). This effect can be evidenced by a solidification of the powder bed
when processing the mixture at the same OHT for the polymer. This implies that the heating
temperature is too high for the mixture as it exhibits a high flow and consolidates in a
block before the laser even starts sintering. The heating should only approach the powder
temperature to the point when the material starts to flow without inducing fluidization [45].
In contrast, when a powder containing a non-plasticizing component is processed at a
temperature inferior to the OHT of the raw polymer, a curling typically occurs.

Based on these observations, the OHT for the different powders were identified as the
minimum heating temperature at which no curling or powder solidification were observed
(Table 2). It can be pointed out that despite a decrease in the Tg when both IbuNa and TA
were mixed with KVA64, the OHT of the mixture powders was not different from the OHT
for pure KVA64. For the other acids (SA, FA, MA, MLA), as well as IbuAc, a decrease in
OHT was observed (Table 2). While the addition of 5% of IbuAc favoured a decrease in
OHT by 40 ◦C, a reduction of 15 ◦C was observed when 5% of SA was added. A decrease
of only 5◦C was observed after the addition of 5% of FA, MA or MLA.
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These differences demonstrate that di-carboxylic acids have a different effect on
processability even though each of SA, FA, MA and MLA show a similar decrease in Tg
during DSC analysis. Furthermore, as the percentage of SA increased, the OHT decreased
further until it reached a minimum of 80 ◦C for 15% of SA (Table 2). Above this ratio, the
OHT was not affected even though Tg continued to decrease at 20% of SA, demonstrating
a saturation of plasticization at 15% of SA. This saturation effect has been previously
reported with other plasticizers. For example, Aydin et al. demonstrated that increasing
the mannitol ratio above 5% does not improve plasticization of starch films [46]. Moreover,
IbuNa did not affect the processability when it was introduced in the mixtures of KVA64
and SA, as the OHT were the same for binary and ternary mixtures at an equivalent ratio
of succinic acid (Table 2). Hence, no synergistic effect between IbuNa and succinic acid on
processability was demonstrated.

Among the different excipients used, SA demonstrated the highest plasticizing effi-
ciency. Therefore, the linearity of the Tg and OHT of the binary and ternary mixtures at
four different succinic acid ratios (0, 5, 10 and 15%) was evaluated in the same manner as
in previous work with binary mixtures of KVA64 and paracetamol at different ratios [17].
Figure 2 confirms the existence of a linear relationship with high correlation coefficients
(R2) 0.9945 and 0.9997 for both the binary and ternary mixtures, respectively. It is important
to note that this linearity is not maintained above 15% of succinic acid. As the slope and
the ordinate at the origin are not the same for both systems, it could be postulated that the
linear regression equation relating Tg and OHT is only constant within a mixture (binary
or ternary) of the same composition at different ratios of one component.
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The method applied to measure the glass transition temperatures shows limits, as it re-
quires, firstly, to be heated to 200 ◦C to remove the thermal history of KVA64, which
exhibits an important endothermic peak at ~170–200 ◦C despite its amorphous state
(Supplementary material: Figure S1). In contrast, the heating temperatures used dur-
ing the SLS process did not exceed 110 ◦C (Table 2). Therefore, the plasticization that occurs
during the first heating of DSC does not perfectly reproduce the interactions that take place
during the SLS heating step. The higher temperatures used in DSC favour more contact
between the small molecules and the polymer, and the generation of chemical interac-
tions [47]. Hence, the measured glass transition temperatures may be overestimated. This
could explain the reduction of Tg even with components that do not exhibit a plasticizing
effect in SLS. However, these results are still of interest and serve as initial comparison of
the effect of different plasticizers and ratios on the SLS printing temperature.
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Table 3 shows that the melting of the different di-carboxylic acids and both forms of
ibuprofen takes place at temperatures higher than the OHT of the respective mixtures. This
confirms that powder consolidation during the heating step was not influenced by melting
of the added excipients or drugs, but only dependant on the glass transition of the polymer
as it accounts for most of the powder bed (75–95%). Furthermore, the solidification of an
amorphous polymer depends on its glass transition temperature [15,16,48].

Temperatures for which 2% of the component was degraded were evaluated with TGA
(Table 3). Copovidone degraded by 2% at 302 ◦C whereas Td2% of the di-carboxylic acids
were between 142 and 194 ◦C. Furthermore, IbuNa exhibited a higher thermal stability
(Td2% = 234 ◦C) compared to IbuAc (Td2% = 137 ◦C). The Td2% of the prepared mixtures
(Table 3) were found to be inferior compared to pure copovidone due to the addition of
more thermolabile drugs and di-carboxylic acids. The heating temperatures in SLS were
largely below the degradation points of the different components, but the CO2 laser can
also degrade them, particularly IbuAc. Thus, UHPLC assays were conducted to further
investigate this.

TGA analysis showed that the water content (WC%) of the different acids and IbuAc
was inferior to 0.5%. Meanwhile, KVA64 and IbuNa showed high WC%: 2.35% and
14.66%, respectively. The anhydrous form of racemic (R,S)-(±)-ibuprofen sodium salt is
highly unstable and converts rapidly to the dihydrate form when exposed to the humid
environment [49], which explains the high water content corresponding to the water of
crystallization. A dehydration endothermic peak was also observed in the DSC thermo-
gram of IbuNa at 102.6 ◦C (Supplementary material: Figure S2). Despite the well-known
plasticizing properties of water [50,51], it did not play a role in lowering the optimal heating
temperature when it was bound to sodium salt ibuprofen.

3.2. FTIR Analysis

FTIR was used to explore the potential formation of H-bonds between the different
materials used in the formulations studied and to provide insight into the plasticization
mechanisms that occur during the heating step in SLS. These bonds could form between
the C=O groups of the copovidone and the OH groups of carboxylic acids, as previously
demonstrated by Hurley et al. [52]. KVA64 has two strong main peaks at 1740 cm−1 (C=O
stretch of the vinyl acetate) and 1683 cm−1 (C=O stretch of the tertiary amide) as shown
in Figure 3a. The variation of these two peaks was studied as copovidone is the major
component in the formulations used in this work. FTIR spectrum of APIs (Figure 3a)
showed a peak at 1549 cm−1 for IbuNa due to the C=O stretch of the carboxylate group and
a sharp peak at 1721 cm−1 for IbuAc corresponding to the C=O stretch of the carboxylic
acid group. Both C=O peaks of KVA64 did not shift to lower or higher frequencies when
the polymer was sintered with both drugs, but they broadened and decreased in intensity.
The broadening was more pronounced with the tertiary amide C=O peak (1683 cm−1)
and when IbuNa was introduced. This indicates the presence of interactions between the
polymer and both drugs.

Fumaric acid and maleic acid were characterized by their C=O carboxylic stretch
peaks at 1674 and 1706 cm−1, respectively (Figure 4a). Malic acid presents a strong peak
at 1731 cm−1 due to its COOH group and a large band from 2700 to 3700 cm−1 due to its
hydroxyl group (Figure 4a). Furthermore, tartaric acid shows a small C=O stretch peak at
1738 cm−1 and a large band from 2700 to 3700 cm−1 due to its two hydroxyl groups
(Figure 4a). In the spectrums of SOFs, the peak of KVA64 at 1683 cm−1 broadened
(Figure 4b), which could be due to the formation of H-bonds. These variations could
also be explained by the overlapping of the C=O peaks of di-carboxylic acids with the
characteristic peaks of KVA64.
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Succinic acid exhibited in FTIR a characteristic peak at 1681 cm−1 due to C=O stretch
of its carboxylic group, which overlaps with the characteristic peaks of KVA64 (Figure 5a).
FTIR spectra of SOFs prepared with different ratios of SA showed a broadening of the C=O
amide peak of KVA64. This could be due to H-bond formation or overlapping of the bands
of the two components.
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The FTIR spectra of the SOFs prepared with KVA64, IbuNa and SA also showed a
broadening of the C=O amide peak of copovidone (Figure 6b). Notably, although the C=O
stretch peak of IbuNa at 1549 cm−1 was found in all the SOFs, its intensity decreased with
the proportion of succinic acid (Figure 6a), suggesting that a high content of SA promotes
the amorphization of IbuNa.
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Overall, all the SOFs prepared with mixtures of KVA64, di-carboxylic acids and/or
drugs display interactions especially at the wavenumber 1683 cm-1, which corresponds
to the C=O amide peak of copovidone. This group is more reactive and more susceptible
to form H-bonds than the C=O vinyl acetate function, as previously reported by Yuan

145



Polymers 2021, 13, 3282

et al. [53]. Although no change in frequency has been observed, variations in the width and
intensity could also be interpreted as the formation of intermolecular hydrogen bonds [46].
The decrease in the intensity and the width of the C=O amide peak may indicate that the
interactions between the copovidone molecules are being replaced by interactions between
the polymer and the other SOFs components. Nevertheless, the FTIR data did not allow
differentiation between the distinct components in terms of plasticization. For instance,
all of the di-carboxylic acids and drugs exhibited interactions, despite having a different
effect on the optimal heating temperature. Moreover, as the proportion of succinic acid
increased, there was no proportional broadening of the peak (Figures 5b and 6b).

For the IbuNa, even with an absence of H-bond donors in its structure, interactions
were found with the C=O group of KVA64. This may be due to the important moisture con-
tent present in the ibuprofen sodium salt that could participate in H-bond formation [54].

As noted by Matet et al. [55], FTIR is not a discriminatory technique and could not
reveal differences between the different polymer/plasticizers mixtures. Moreover, the
high hygroscopicity of copovidone [56] and the overlapping of the peaks are limits for the
interpretation of FTIR results. H-bonds are temporary bonds that could evolve as function
of the applied temperatures [57]. Hence, further work could involve conducting FTIR at the
temperatures of the heating process [58] to mimic the interactions between the components
under real sintering conditions.

3.3. Solid State Analysis

XRPD analysis was carried out to study the solid state of the different components and
the potential solid-state transitions due to the sintering process. All the used materials are
crystalline except copovidone which is amorphous and did not expose any crystalline peaks
on XRPD. X-ray diffractograms of drugs (Figure 7a) display the characteristic crystalline
peaks of the racemic form for both ibuprofen acid and ibuprofen sodium salt dihydrate, in
agreement with the literature data [49,59]. However, these crystalline peaks were absent
in the diffractograms of the sintered SOFs (Figure 7a), indicating an amorphization of the
drugs. Previous studies have already demonstrated that SLS could produce amorphous
solid dispersions, due its two thermal steps (heating and laser scanning) [60,61].

Figure 7b exhibits the effect of sintering on the initially crystalline di-carboxylic acids.
While MA and MLA underwent amorphization as demonstrated by the absence of peaks
in the X-ray diffractograms of the SOFs prepared with these acids. For the case of SOFs
prepared with FA and TA, some peaks were still distinguishable but with reduced intensity,
suggesting a partial amorphization of the fumaric and tartaric acids. The differences
observed in the rate of amorphization could be correlated with the melting points of the
di-carboxylic acids. As FA and TA present the higher melting points, higher temperatures
will be needed to dissolve completely in the polymeric matrix.

X-ray diffractogram of the succinic acid (Figure 7c) shows characteristic peaks of
the form β [62]. As previously seen for MA and MLA, no peaks were observed in the
diffractogram of the SOF sintered with 5% of SA, implying an amorphization of the acid.
However, the SOFs prepared with higher ratio of SA exhibited peaks at 20.1, 22.1, 26.2, 27.3,
31.6, 32.6◦ and their intensity increased proportionally with the percentage of succinic acid
incorporated. It is interesting to note that two peaks (22.1 and 27.3◦) did not appear in the
diffractogram of pure SA. These two peaks are specific to the form α, which is favoured by
high temperatures, as suggested by Yu et al. [62]. This implies that in addition to a partial
amorphization of the succinic acid, sintering promoted the recrystallisation into the form α.

Regarding the SOFs prepared with the ternary mixture of copovidone, IbuNa and
SA (Figure 7d), partial amorphization of the β-succinic acid and recrystallisation into the
form α was also observed at the SA ratios of 10, 15 and 20%. As for the IbuNa, three small
peaks characteristic of the API (17.5, 18.3, 19.0◦) and two other peaks that were not in
the diffractogram of the pure drug (22.3 and 22.6◦) were present in the diffractogram of
SOFs sintered with 5% of SA. This could be explained by the dehydration of the ibuprofen
sodium salt dihydrate during the SLS process which could induce the rearrangement of
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the crystal structure as previously demonstrated by Censi et al. [49]. However, only the
peak at 18.3◦ remained at high ratios of SA (15 and 20%). These results are in agreement
with the FTIR observations, as the amorphization is stimulated at higher percentage of
succinic acid.
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3.4. Characterisation of the Sintered SOFs

The weight of the SOFs printed with the different powders varied between 129 and
170 mg (Table 4). The average weight of the SOFs decreased significantly with the intro-
duction of IbuAc and increased significantly when IbuNa was incorporated. Among the
different di-carboxylic acids, only SA and MA reduced the weight of SOFs significantly
when they were incorporated. SOFs prepared with formulations of copovidone, SA and
IbuNa exhibited a significant lower weight compared to the corresponding binary mixtures.
However, increasing the succinic acid ratio did not show a significant influence on the
weight variation. Table S1 (Supplementary material) shows that these variations in weight
were not solely influenced by the powder compactness. This was confirmed by the observa-
tion of the SOF’s vertical sections by scanning electron microscopy (SEM) (Supplementary
material: Figure S3). SOF printed with the mixture of KVA64 and the plasticizing SA
showed a similar structure to the SOF produced with KVA64 and the non-plasticizing TA.
Further work is ongoing to help understand better these observations.
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Table 4. Weight, hardness and disintegration time of the sintered SOFs.

Powders Weight (mg) Hardness (N) Disintegration Time (s)

KVA64 153.0 ± 2.5 38.6 ± 4.5 73 ± 14
KVA64/IbuAc 132.2 ± 4.6 15.8 ± 3.8 24 ± 7
KVA64/IbuNa 170.8 ± 7.6 29.8 ± 2.5 58 ± 8

KVA64/SA 140.1 ± 2.1 25.6 ± 1.5 39 ± 4
KVA64/FA 149.1 ± 4.8 33.0 ± 1.7 43 ± 8
KVA64/MA 142.2 ± 1.8 24.2 ± 4.0 30 ± 8

KVA64/MLA 147.4 ± 1.1 31.9 ± 1.7 57 ± 9
KVA64/TA 166.0 ± 7.6 33.8 ± 4.2 43 ± 5

KVA64/SA10 138.4 ± 1.8 24.1 ± 2.3 25 ± 3
KVA64/SA15 139.2 ± 2.3 23.5 ± 3.0 21 ± 4
KVA64/SA20 138.9 ± 1.6 25.2 ± 2.4 23 ± 3

KVA64/IbuNa/SA 133.9 ± 1.7 16.6 ± 1.8 24 ± 3
KVA64/IbuNa/SA10 129.9 ± 1.4 16.5 ± 1.2 25 ± 3
KVA64/IbuNa/SA15 131.3 ± 2.5 18.8 ± 1.8 34 ± 5
KVA64/IbuNa/SA20 128.9 ± 1.7 18.0 ± 1.0 30 ± 6

Table 4 shows that all printed SOFs presented a low hardness (<40 N), which was
expected because they were printed at a high scanning speed (35,000 pps) [8]. Forms
printed only with KVA64 exhibited the higher hardness values (38.6 N). The mechanical
properties of SOFs decreased significantly after the introduction of drugs, most importantly
with IbuAc. As for the di-carboxylic acids, only SA, MA and MLA showed a significant
negative effect on hardness. The hardness was not significantly affected by increasing the
ratio of succinic acid, whether in the binary mixtures (KVA64/SA) or the ternary mixtures
(KVA64/IbuNa/SA).

In contrast to other studies conducted on plasticization of polymers with di-carboxylic
acids and their esters [31,32,63], this work does not show a clear link of plasticization to
the reduction of the mechanical properties. For example, both succinic and maleic acid
decreased the hardness by the same value with no significant difference despite having
different plasticizing properties. Moreover, increasing the proportion of SA improved
plasticization but did not deteriorate the hardness. Based on these observations, it can be
concluded that the mechanical properties were mainly influenced by the proportion of
copovidone in the powder mixtures. Indeed, a lower amount of Kollidon VA64 produces
less sintered zones and more porosity [9,11], which could reduce the hardness of the SOFs.

Table 4 shows that the longer disintegration time was observed for the SOFs sintered
only with KVA64 (73 s). The introduction of other elements in the formulation reduced
the disintegration time significantly below 60 s. The lowest values were observed for
KVA64/IbuAc, KVA64/MA, binary KVA64/SA mixtures and ternary KVA64/IbuNa/SA
mixtures, and no statistically significant difference was observed. The reduction in disinte-
gration time could be correlated to the lower proportion of copovidone, which decreases
the viscosity of the medium and slows down polymer erosion [17]. Overall, the SOFs
disintegrated within the 3 min, which makes them suitable as orally disintegrating printlets
according to the European Pharmacopeia [41].

Figure 8 shows the dissolution profiles of the different SOFs containing IbuNa and
IbuAc. All formulations achieved more than 85% dissolution at 15 min, making them
suitable for immediate release [64]. The formulation KVA64 95%/IbuNa 5% as well as
KVA64 95%/IbuAc 5% exhibited 100% drug release at 10 min. The introduction of succinic
acid at a high percentage (10, 15, 20%) in the formulation of KVA64 and IbuNa, slowed
down drug release. This could be due to the acidification of the SOF’s microenvironment
by the organic acid as previously mentioned by Sateesha et al. [65], which decreases the
ionization of ibuprofen and hence its solubility.
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Figure 8 exhibits the differences in drug release between the physical mixtures and the
prepared SOFs for both KVA64 95%/IbuNa 5% and KVA64 95%/IbuAc 5%. It can be noted
that while amorphization induced by SLS did not influence the solubility of IbuNa, which
is already high prior to sintering, the solubility of IbuAc significantly improved. At 20 min,
full dissolution of the SOF was achieved whereas the physical mixture of IbuAc/KVA64
dissolved only up to 18%. This confirms the ability of SLS to improve the solubility of
poorly soluble drugs by preparing amorphous solid dispersions [65,66].

In general, the influence of di-carboxylic acids and ibuprofen acid on the SOF’s
properties could not be attributed to their plasticizing efficiency in SLS, as even non-
plasticizing IbuNa and tartaric acid showed similar effects. Other factors were determinant
for the properties of SOFs, such as the laser energy density, the compactness of the powder
and the nature of the polymeric carrier. Amorphous copovidone already presents a low Tg
compared to other polymers, which explains the low mechanical properties of the sintered
SOFs [45]. Its low compactness is also involved in the reduction of the hardness [17]. Most
importantly, its high solubility in water explains the rapid disintegration of the SOFs and
the fast release of the drug [66].

3.5. Drug Degradation Evaluation

UHPLC analysis of the different SOFs printed with API revealed only one chromato-
graphic peak corresponding to ibuprofen at the retention time (tr = 1.50 min). In addition,
the drug concentration in the different SOFs was analysed and it was found that the drug
content was in agreement with the initial loading of the formulation (Table 5). This proves
that no degradation has occurred during the sintering process, neither for the acid form nor
for the sodium salt form. Therefore, no conclusion was possible regarding the presumed
protective effect of SA as no degradation has been detected whether in absence or presence
of the acid. As for IbuAc, it did not degrade despite its thermolability, suggesting a poten-
tial “autoprotective” effect due to its ability to decrease the optimal heating temperature.
Further work will be needed using more thermolabile drugs without plasticizing properties
in order to evidence the protective effect of succinic acid.
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Table 5. Drug content of the different SOFs printed with drugs.

Formulation Drug Content (%)

KVA64/IbuAc 102.2 ± 2.0
KVA64/IbuNa 96.5 ± 2.7

KVA64/IbuNa/SA 103.0 ± 4.1
KVA64/IbuNa/SA10 102.8 ± 3.6
KVA64/IbuNa/SA15 104.1 ± 4.5
KVA64/IbuNa/SA20 103.0 ± 2.2

3.6. Mechanisms of Plasticization in SLS

Although DSC and FTIR techniques have evidenced a decrease in the Tg and the
presence of interactions between the components used in this study to sinter SOFs, they
did not clearly discriminate between the different di-carboxylic acids as well as the two
forms of ibuprofen. Nevertheless, hypotheses on the plasticization mechanisms can be
formulated based on the chemical structure of the different excipients and drugs.

Among the used di-carboxylic acids, succinic acid exhibited the highest plasticizing
effect and allowed the heating temperature to be reduced by 15 ◦C. This shows that the
carboxylic groups played a role in plasticization, presumably by establishing H-bonds with
the C=O functions of copovidone [52,67,68]. The plasticizing efficiency of succinic acid
increased with its percentage in the formulation. However, above 15% the optimal heating
temperature remained the same. These results can be explained by either a potential
phase separation occurring at high content of plasticizer which prevents the creation of
interactions with the polymer [69]. Or another reason could be that above 15%, an excess of
H-bonds is formed between the acid and the polymer which would reduce the mobility of
the polymer chains instead of increasing it [44]. Furthermore, renewable materials already
produced on an industrial scale such as succinic acid seem good candidates to replace
current synthetic plasticizers [70].

When more rigidity was introduced into the structure of the di-carboxylic acid (fumaric
and maleic acids), less effect was observed in lowering the optimal heating temperature
compared to succinic acid (5 ◦C instead of 15 ◦C). It seems that introducing a double bond in
the structure provides less flexibility for the plasticizers to interact with the copovidone [71].
Furthermore, switching from the conformation trans (fumaric acid) to the conformation cis
(maleic acid) did not have an impact in processability.

The effect of adding more hydroxyls into the structure while maintaining similar flexi-
bility was studied by comparing succinic acid to malic acid and tartaric acid. In this case,
the introduction of hydroxyl groups did not promote plasticization but instead reduced
it, as previously seen with polyvinyl alcohol/starch films plasticized with polyols [46]. In
this example, mannitol demonstrated inferior plasticizing properties than hexanetriol due
to the presence of three additional hydroxyl groups in the structure, which increased its
molecular weight and prevented its diffusion in the molecular matrix. Furthermore, the
increased number of potential hydrogen bonds could also make the polymer structure
more rigid and reduce the mobility of the chains [44]. This phenomenon is described as
antiplasticization and is caused by a reduction of the free volume of the polymer by “filling
the holes” with small molecules [72].

A noticeable effect on the processability was also observed when ibuprofen sodium salt
was replaced by ibuprofen acid (a difference of 40 ◦C in OHT between KVA64 95%/IbuNa
5% and KVA64 95% / IbuAc 5%). A potential explanation for this difference in temperature
is the formation of interactions in the forms prepared with copovidone and ibuprofen
acid, as opposed to the salt form which do not exhibit interactions with the polymer [73].
Ibuprofen acid is known as a “non-traditional” plasticizer [39]. These non-traditional
plasticizers are drugs that, in addition to improving the mechanical properties of films,
could also provide a technical advantage by lowering the temperature during the hot-melt
extrusion process [74]. As previously mentioned, IbuAc is poorly soluble in water and
unstable at high temperature. However, during SLS its plasticizing effect may protect
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it from degradation and its potential amorphization during the sintering process can be
an asset to enhance its solubility. As for IbuNa, replacing the hydrogen in the carboxylic
function by sodium atoms blocks the plasticizing effect but enhances both solubility and
thermal stability. Ibuprofen acid exhibited a higher plasticizing effect compared to succinic
acid, despite its higher molecular weight and the presence of only one carboxylic group.
This could be explained by the ability of IbuAc to establish aromatic bonds in addition to
H-bonds with poly(vinylpyrrolidone) as previously reported by Bogdanova et al. [75]. This
was observed in our previous work [17] with paracetamol, which also has an aromatic ring
and acts as a plasticizer.

4. Conclusions

This study represents a proof of concept that di-carboxylic acids can be used as
potential plasticizers to decrease the optimal heating temperature for the selective laser
sintering of pharmaceutical solid oral forms prepared with copovidone. Depending on
the chemical structure of the acid, a different effect on processability was demonstrated.
Succinic acid was identified as the most performant plasticizer, as it allows a higher decrease
in the optimal heating temperature when incorporated. Furthermore, the model drug used
in this work, ibuprofen, in its acid form acts as a non-traditional plasticizer by lowering the
heating temperature considerably, opposed to the sodium salt ibuprofen which exhibited
no influence on the process.

DSC analysis confirmed the plasticizing effect of the different excipients and drugs
by evidencing a decrease in a glass transition temperature and FTIR analysis showed the
presence of interactions between the polymer and the di-carboxylic acids or the drugs in the
sintered solid oral forms. Both techniques displayed limits when discriminating between
the different plasticizers. However, based on the chemical structure of the components,
it was concluded that interactions such as hydrogen bonds promote plasticization, but
an excess could inversely reduce the mobility of polymer chains. In the future, other
techniques could be employed to provide more insight on the mechanisms of plasticization,
such as FTIR at variable temperature and molecular dynamic simulations.

Moreover, introduction of excipients and/or drugs in the formulation modified the
properties (weight, hardness, disintegration time) of the solid oral forms, but this effect was
more correlated to the decrease in the proportion of the polymer than the plasticization.
Their beneficial effect on protecting the drug from degradation was not demonstrated since
both forms of ibuprofen remained stable at the printing parameters. This suggests that
these plasticizers aim more to facilitate the process than improving the properties of the
printed solid oral forms.

Overall, this work highlights the importance of understanding the relationship be-
tween the material properties and the process parameters, especially with innovative
technologies such as selective laser sintering. Further work is encouraged on this research
path with different polymers and more thermosensitive drugs, in order to explore more
profoundly the advantages of using di-carboxylic acids in SLS.
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SEM images of the SOFs vertical sections (Magnification × 35), images of the SOFs. Table S1: Bulk
density and true density of the different printed powders.
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Abstract: Powder Bed Fusion of Polymers (PBF-LB/P) is a layer-wise additive manufacturing process
that predominantly relies on the quasi-isothermal processing of semi-crystalline polymers, inherently
limiting the spectrum of polymers suitable for quasi-isothermal PBF. Within the present paper, a novel
approach for extending the isothermal processing window towards significantly lower temperatures
by applying the quasi-simultaneous laser-based exposure of fractal scan paths is proposed. The
proposed approach is based on the temporal and spatial discretization of the melting and subsequent
crystallization of semi-crystalline thermoplastics, hence allowing for the mesoscale compensation
of crystallization shrinkage of distinct segments. Using thermographic monitoring, a homogenous
temperature increase of discrete exposed sub-segments, limited thermal interference of distinct
segments, and the resulting avoidance of curling and warping can be observed. Manufactured parts
exhibit a dense and lamellar part morphology with a nano-scale semi-crystalline structure. The
presented approach represents a novel methodology that allows for significantly reducing energy
consumption, process preparation times and temperature-induced material aging in PBF-LB/P
while representing the foundation for the processing of novel, thermo-sensitive material systems in
PBF-LB/P.

Keywords: powder bed fusion; laser sintering; isothermal; low temperature laser sintering; selective
laser melting

1. Introduction

Laser-based powder bed fusion of polymers (PBF-LB/P) is a powder-based addi-
tive manufacturing process that allows for manufacturing individualized components
with a high geometric freedom. To date, PBF-LB/P is predominantly associated with
the quasi-isothermal processing of semi-crystalline polymers. Given the continuous heat-
ing of the build chamber in quasi-isothermal PBF-LB/P, temperature-induced aging of
polymers [1], increased process times due to heating and cooling phases, and the influ-
ence of processing times on resulting mechanical properties [2,3] inherently restrict the
economic and ecological viability for the cost-efficient manufacturing of polymer compo-
nents. Considering non-uniform temperature fields occurring in PBF-LB/P, the isothermal
assumption merely represents an idealization. With regard to isothermal crystallization
kinetics of Polyamide 12, findings by Neugebauer et al. [4] indicate the occurrence of
isothermal crystallization during isothermal PBF of polymers. Using a process-integrated
approach, Drummer et al. [5] determined the time-dependent occurrence of isothermal
crystallization in PBF-LB/P, proposing the possibility of novel process strategies for limit-
ing the isothermal processing zone to the powder bed surface. Considering a time- and
temperature-dependency of the isothermal crystallization process, findings by Soldner
et al. [6] indicate a non-uniform, geometry-dependent isothermal crystallization [7]. Find-
ings derived by Shen et al. [8] based on a numerical approach indicate a correlation of the
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underlying cooling rate and resulting residual stress, thus affecting part distortion. Conse-
quently, controlled isothermal crystallization is omnipresent in PBF-LB/P, being influenced
by time-, temperature-, and geometry-dependent effects. However, even considering the
occurrence of isothermal crystallization in PBF-LB/P, the non-isothermal processing below
the crystallization onset temperature of semi-crystalline polymers remains restricted due to
the occurrence of stress-induced distortion, specifically curling and warping [9]. Induced
by the inhomogeneous crystallization of the polymer melt, curling considerably reduces
the process stability, leading to process interruptions. Crystallization-induced shrinkage
is inherently bound to the processing of semi-crystalline polymers, thus constituting the
requirement of novel strategies for controlling the crystallization kinetics for promoting a
uniform, controlled crystallization of each layer. Therefore, the non-uniform crystallization
of the applied materials constitutes an inherent challenge for novel processing strategies,
focusing on the exposure-induced process optimization.

2. State of the Art
2.1. Kinetics of Isothermal and Non-Isothermal Crystallization of Polymers

Quasi-isothermal processing composes the state of the art in laser-based powder bed
fusion of polymers. The isothermal assumption in PBF-LB/P implies the predominant
occurrence of isothermal crystallization during the build process. A basic modelling of
isothermal crystallization processes can be derived using the Avrami equation. Considering
non-constant cooling rates, occurring in laser sintering of polymers in quasi-isothermal as
well in non-isothermal processing, the Nakamura model, proposed by Nakamura et al. [10,
11] allows for considering non-isothermal crystallization. The macroscopic degree of
crystallization, α, can be expressed in dependence of the Nakamura kinetics crystallization
function K(T), being closely related to the Avrami function k(T).

α = 1− exp
[
−
(∫ t

0
K(t)dt

)n]
(1)

The underlying relation of the Nakamura crystallization rate K(t) and the Avrami
crystallization rate k(t) can be expressed using a temperature-dependent, dimensionless
parameter n.

K(t) = k(t)
1
n (2)

Ziabicki [12] described an empirical exponential relation of the crystallization half time
t1/2, the growth constant K0 and the nucleation rate constant Kg by applying the Lauritzen–
Hoffman theory, with the activation energy for polymer diffusion U* = 6270 J mol−1, the
universal gas constant R, the temperature value T∞ = Tg − 30 K, indicating a ceased viscous
flow, and the equilibrium melting temperature T0

m, displayed in Equation (3).

1
t1/2

= K0 exp
[
− U∗

R(T− T∞)

]
exp




Kg(T + T 0
m

)

2T2(T 0
m − T)


 (3)

Zhao et al. [13] applied the empirical relation on Polyamide 12, used in laser-based
powder bed fusion, by fitting the parameters K0 and Kg based on experimental data ob-
tained from differential scanning calorimetry. The resulting crystallization half times,
presented by Zhao et al., exhibit a satisfactory accordance of experimentally obtained and
modelled values for sufficiently high cooling rates. Consequently, a reduced processing
temperature T is correlated with considerably reduced crystallization half times. Consider-
ing isothermal crystallization of quenched Polyamide 12 at varying ambient temperatures,
Paolucci et al. [14] modelled the temperature-dependent formation of varying crystalline
phase compositions of Polyamide 12. Unpressurized crystallization at temperatures ex-
ceeding 100 ◦C predominantly leads to the formation of the α-phase [14], implying the
formation of an identical crystalline phase within a wide thermal processing window.
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However, with regard to described crystallization kinetics, a dependency of the applied
cooling rate and morphological properties needs to be considered a major influence in low
temperature PBF-LB/P.

2.2. Low Temperature Laser-Based Processing of Polymers

In contrast to powder bed fusion of metal alloys, PBF of polymers is characterized
by the avoidance of support structures. With regard to the application of support struc-
tures, different approaches for transferring metal-based concepts on the non-isothermal
processing of polymers [15] have been described. Resulting material morphologies exhibit
significantly reduced spherulite sizes, correlated with an increased elongation at break
while exhibiting an insufficient porosity level [16]. In contrast to the application of support
structures, the avoidance of curling and warping by means of laser-based preheating has
been proposed by Laumer et al. [17], applying simultaneous laser beam irradiation for
the isothermal manufacturing of multi-material components. Investigations conducted by
Chatham et al. [18] for the manufacturing of polyphenylene sulfide at reduced powder
bed temperatures exhibit significantly increased levels of porosity, thus limiting the appli-
cability of produced parts. Consequently, to date, the non-isothermal PBF of polymers is
inherently limited with regard to the requirement of support structures and the emergence
of insufficient part properties.

2.3. Influence of Exposure Strategies on Superficial Temperature Fields and Part Properties

The application of a variety of exposure strategies has been described for both metal-
based and polymer-based PBF. The interaction of an exposed geometry and the applied
exposure strategy on resulting temperature fields is described extensively in recent liter-
ature. Exhibiting a reduced thermal penetration depth, increased exposure speeds are
correlated with increased superficial maximum temperature values [19,20]. In addition,
resulting superficial temperature fields show a dependence on both the applied exposure
speed and the underlying scan vector length [19], resulting from a thermal superposi-
tion of subsequently exposed scan vectors [20]. Jain et al. [2] describe a correlation of
geometry-induced, varying return times of the laser beam and varying mechanical prop-
erties of samples manufactured using Polyamide 12, implying an influence of superficial
temperature fields on resulting mechanical part properties. Exceeding the monitoring of
exposure-induced temperature fields, Greiner et al. (2021) [21] observed an interdepen-
dence of applied exposure parameters and the underlying geometry on post-exposure
temperature fields, leading to a varying morphological structure of fabricated parts.

Segmented exposure strategies, widely applied in laser-based PBF of metal alloys
(PBF-LB/M), exhibit reduced residual stresses, described for the application of steel [22–24]
and nickel alloys [25]. Zou et al. (2020) [22] describe a significant influence of the exposure
sequence and orientation of distinct segments on resulting residual stress, emphasizing
structural advantages of non-linear sequencing compared to linear sequencing. Consider-
ing varying exposure patterns of distinct segments, further complex interdependencies of
the applied sequence of exposed scan vectors, the scan vector length and the sequence of
exposed sub-segments are described. With regard to the inherent geometry-dependence of
linear exposure patterns, non-linear exposure patterns are gaining increased attention both
in metal- and polymer-based PBF. The application of non-linear exposure patterns was
initially described by Yang et al. [26], applying the space-filling, fractal Hilbert curve for the
sintering of polymer-bound ceramic particles. Further research on fractal exposure patterns
was conducted by Ma et al. [27] and Catchpole-Smith et al. [28], describing reduced stress-
induced distortion and the reduced occurrence of heat-induced cracks in PBF of nickel
alloys. Greiner et al. [29] described the application of the fractal, space-filling Peano curve
for the PBF of Polyamide 12, leading to geometry-invariant temperature fields promoted
by the scale-invariant structure of the applied exposure pattern. Therefore, the application
of linear exposure patterns is considerably influenced by the exposed cross-section, leading
to a reduced reproducibility of part properties. In contrast, applying segmented, fractal
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exposure strategies promote the formation of uniform, geometry-invariant temperature
fields that could be exploited for low temperature PBF-LB/P. Consequently, the formation
of crystallization-induced residual stress and resulting part deformations exhibits a depen-
dence of applied exposure strategies, hence implying the requirement of novel exposure
strategies to overcome existing limitations of quasi-isothermal PBF of polymers.

3. Methodological Approach for Low Temperature PBF

The approach presented in this paper focusses on significantly lowering the build
chamber temperature while limiting warping and curling of manufactured parts by means
of fractal, quasi-simultaneous laser exposure. In contrast to quasi-isothermal PBF, low
temperature PBF, as proposed in this paper, relies on the immediate crystallization of
distinct exposed segments, considering a material-specific processing windows below the
crystallization peak, displayed in Figure 1.
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Figure 1. Schematic illustration of process-dependent thermal processing windows.

Resulting implications for process temperature control include significantly reduced
pre-heating times and the immediate removal of manufactured parts subsequent to the
build process. Reduced pre-heating times are obtained considering reduced requirements
of the thermal homogeneity in contrast to quasi-isothermal processing, thus limiting the
required homogenous thermal field to the thickness of the manufactured layer. Result-
ing process times of non-isothermal and quasi-isothermal processing, respectively, are
displayed in Figure 2.
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isothermal processing.
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To allow for the non-isothermal processing of semi-crystalline polymers, restricting
the distortion of exposed segments is essential. Based on previous research on the field of
segmented exposure strategies [23,25], segmented exposure strategies are combined with
the application of fractal scan paths [26–29] and quasi-simultaneous exposure of distinct
segments. Fractal scan path generation applied within the present paper is based on space-
filling, self-avoiding and self-similar curves, commonly referred to as “FASS curves” [30],
specifically on the Peano curve [31]. The implementation of fractal, quasi-simultaneous
exposure strategies is based on functional recursive programming, conducted in Python 3.8.
Resulting exposure strategies are transferred using the Common Layer Interface (CLI) for-
mat to allow for the integration of complex exposure strategies into commercially available
machinery. Exposure paths, applied for the non-isothermal processing of polymers, include
discrete fractal sub-segments that are exposed using fractal sequencing. The resulting
exposure strategy of an exemplary square cross-section is displayed in Figure 3.
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Figure 3. Schematic depiction of the applied fractal exposure pattern.

Quasi-simultaneous exposure of varying geometries is based on the repetitive, con-
secutive exposure of distinct fractal patterns. Each sub-segment constitutes a closed loop,
allowing for an uninterrupted quasi-simultaneous exposure, schematically displayed in
Figure 4.
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Figure 4. Fractal, quasi-simultaneous exposure pattern of a distinct sub-segment based on the Peano
curve.

Quasi-simultaneous exposure is correlated with a significantly increased layer time
due to the repetitive exposure of distinct segments, leading to an increase in the layer
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time equivalent to the additional number of exposure steps compared to single exposure.
Distinct, repetitively exposed sub-segments are sequenced by applying a fractal exposure
sequence to reduce geometry-induced influences and interferences on resulting temperature
fields. Therefore, fractal patterns are applied on sub-segment level and for determining the
sequence of consecutive segments. With regard to the scale-invariance of fractal space-filling
curves, the sequence of consecutively scanned segments is determined by the structure of
the Peano curve, schematically displayed in Figure 5.
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Figure 5. Schematic illustration of the fractal exposure sequence of distinct segments.

Exposure patterns of complex cross-sections are generated applying the algorithm
proposed by Yang et al. [26], thus implicitly generating a closed, space-filling curve corre-
sponding to the specific part contour.

4. Materials and Methods
4.1. Experimental Set-Up

All experimental work is conducted using a freely configurable SLS research system,
thus allowing for the integration of complex space-filling scan paths, prepared by means of
iterative algorithms. The used SLS machine resembles commercially available machinery,
equipped with a high-speed galvanometer scanner, SCANLAB GmbH, Puchheim, Germany,
while allowing for the direct control of the exposure sequence based on the programming
of exposure paths. Constant optical parameters include a laser wavelength of λ = 10.6 µm
and a laser focus diameter of d = 0.5 mm. A layer height of 0.1 mm is kept constant for all
experimental investigations. Commercially available Polyamide 12 powder, PA 2200, EOS
GmbH, Krailling, Germany, is used as the underlying material. A mixture of equal fractions
of pre-used powder and virgin powder is applied. The pre-used powder was extracted
from overflow bins and was exposed to a single recoating step, corresponding to merely
insignificant thermal aging. Resulting material properties exhibit a bulk density of 0.44 g
cm−3 and a viscosity number, determined according to ISO 307, of VN = 64 mL g−1. The
applied material exhibits a melting peak temperature of 179 ◦C and a crystallization peak
temperature of 152 ◦C. To allow for thermographic investigations of exposure-induced
temperature fields, a thermographic camera, VELOX 1310k SM, IRCAM GmbH, Erlangen,
Germany, was used. Thermographic imaging was conducted using a frame rate of 355 Hz
and a spatial resolution of 140 µm, covering a rectangular powder bed cross section of
40 × 40 mm2. An emission coefficient of ε = 0.9 was specified for determining resulting
temperature fields.

4.2. Design of Experiments

The applied methodology is based on complementary thermographic and morpholog-
ical investigations of components manufactured at non-isothermal processing conditions.
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Thermographic investigations are applied for characterizing thermal process properties of
both conventional and quasi-simultaneous exposure strategies. For investigating process-
ing properties of linear and fractal exposure strategies, single layers of square cross-sections
exhibiting an edge length of 16.2 mm are fabricated. For enabling the comparison of linear
and fractal exposure strategies at non-isothermal processing conditions, linear meander
scanning and fractal scanning, corresponding to the Peano curve, are applied using a
constant scan speed of 500 mm s−1, a laser power of 16 W, a hatch distance of 0.2 mm, and
a powder bed temperature of 100 ◦C. A single exposure step is applied to allow for the
comparative assessment of processing properties of conventional exposure strategies under
non-isothermal processing conditions. The edge length specified for the thermographic
investigation of single-scan exposure strategies is chosen according to the underlying hatch
distance of 0.2 mm, corresponding to the 4th iteration of the Peano curve.

In addition to the application of single-step exposure strategies, thermographic investi-
gations are conducted for characterizing thermal process properties of quasi-simultaneous,
fractal exposure by varying the number of consecutive scans for determining the influence
of quasi-simultaneous processing conditions on resulting transient thermal fields. Manu-
factured specimens compromise cubic geometries with an edge length of 10 mm, allowing
for the investigation of the thermal superposition of distinct segments by means of thermo-
graphic analysis. Specimens are manufactured using a hatch distance of 0.2 mm and a laser
power of 2 W. For characterizing the influence of varying quasi-simultaneous conditions
and varying powder bed temperatures on emerging temperature fields, a full-factorial
parameter variation is conducted, as displayed in Table 1. Varied process parameters
include the number of scans, corresponding to the number of consecutive exposure steps
of a distinct segment.

Table 1. Variation of processing parameters applied for thermographic investigations of non-
isothermal PBF.

Number of Scans Powder Bed Temperature

10, 15, 20, 25 75 ◦C, 100 ◦C

Complementary morphological investigations of manufactured specimens are based
on applying constant quasi-simultaneous parameters and varied thermal boundary con-
ditions, corresponding to a powder bed temperature of 75 ◦C and 100 ◦C, respectively.
Based on preceding thermographic investigations, a number of 25 consecutive exposure
steps are applied to ensure a homogenous layer formation. To allow for the comparison
of thermal and morphological material characteristics in dependence of the underlying
process, geometrically identical specimens are manufactured by applying quasi-isothermal
PBF using a powder bed temperature of 170 ◦C, a hatch distance of 0.2 mm, a laser power
of 16 W, and an exposure speed of 2000 mm s−1. Meander scanning is employed as the
underlying exposure strategy.

4.3. Fabrication of a Complex Geometry Demonstrator

To investigate the capability of the proposed process strategy for the manufacturing of
complex parts, a compression spring, exhibiting an outer diameter of 10 mm, a free length
of 15 mm, and a wire diameter of 1 mm, is manufactured applying the Peano-based, quasi-
simultaneous exposure strategy. In order to improve the manufacturing of thin-walled
components with an increased surface-volume ratio, a quasi-simultaneous contour scan is
applied subsequent to the hatch exposure. Applied processing parameters are displayed in
Table 2.
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Table 2. Exposure parameters of the fractal, quasi-simultaneous exposure of thin-walled components.

Number of
Consecutive

Contour Scans

Number of
Consecutive
Hatch Scans

Powder Bed
Temperature Laser Power Exposure Speed

50 25 75 ◦C 2 W 500 mm s−1

A contour offset of 0.2 mm is specified, corresponding to the applied hatch distance.

4.4. Thermal and Morphological Characterization

Thermal characterizations of manufactured specimens are conducted using differential
scanning calorimetry (DSC), applying a heating rate of 10 K min−1. Sample preparation for
DSC measurements includes the removal of the edge region in order to allow for the compa-
rability of varying processing conditions. Morphological characteristics are determined by
applying both polarization microscopy and computed tomography. Polarized micrographs
are prepared using thin sections of 10 µm thickness. Corresponding microscopic investi-
gations are conducted using a Zeiss Axio Imager 2, Carl Zeiss Microscopy Deutschland
GmbH, Oberkochen, Germany. Computed tomography of manufactured specimens is
conducted using a sub-µ-CT, Fraunhofer Institute for Integrated Circuits (IIS) e.V., applying
an isotropic spatial resolution of 4.5 µm. Subsequent analytical investigations of the spatial
distribution of pores rely on script-based analysis of three-dimensional, binarized density
distributions.

5. Results and Discussion
5.1. Limitations of Single-Scan Exposure Strategies

Considering processing properties of linear, conventional meander exposure at non-
isothermal processing conditions, thermographic investigations of manufactured single
layers exhibit considerable distortion following the exposure step. Displayed in Figure 6a,
single layers manufactured using linear exposure paths depict a contraction perpendicular
to the formed thermal gradient. Concerning the emergence of warping and curling of
manufactured single layers, the manufacturing of parts without the application of support
structures is inherently restricted due to build process interruptions. In contrast, the
application of the fractal Peano strategy displays a considerably reduced extent of distortion,
indicating an improved applicability of fractal exposure strategies for support-free non-
isothermal processing.
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Considering reduced peak temperatures observed for the application of fractal expo-
sure strategies [29], a reduced thermal superposition of consecutively exposed scan paths
is correlated with the observed, reduced distortion of manufactured layers. A reduced
resulting distortion is in accordance with findings described by Ma et al. [27] and Catchpole-
Smith et al. [28] for PBF-LB/M, indicating a significant reduction of residual stresses [27,28]
and the occurrence of stress cracking [28] of nickel-base superalloys. Consequently, fractal
exposure of distinct segments allows for the considerable reduction of stress-induced dis-
tortion, hence representing a foundation for the proposed approach of combined fractal,
quasi-simultaneous exposure.

5.2. Thermographic Analysis of Fractal, Quasi-Simultaneous Processing

The thermographic investigation of quasi-simultaneous exposure at non-isothermal
conditions displays a characteristic gradual increase of observed mean segment tempera-
tures. An increasing number of consecutive scans is correlated with a degressive increase,
displayed in Figure 7a. Considering emergent peak temperatures, the excess of superficial
melting of the powder bed significantly depends on the number of consecutive scans, being
correlated with the applied energy density. Considering a degressive thermal increase, a
similar thermal evolution can be observed for isothermal exposure using the meander ex-
posure strategy due to a thermal superposition of consecutively exposed scan paths [19,20].
The influence of the applied powder bed temperature is clearly displayed with regard
to the cooling rate, indicating a negative correlation of the applied temperature and the
cooling rate. However, no significant influence of the powder bed temperature on resulting
peak temperatures is observed, indicating a superposing influence of the local powder bed
morphology on measured peak temperatures. Varying numbers of applied consecutive
scans of distinct segments exhibit a quasi-linear relation of the number of applied scans and
resulting peak temperatures, shown in Figure 7b, thus enabling the adjustment of resulting
peak temperatures.
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Figure 7. Influence of varying powder bed temperatures (a) and varying scan numbers (b) on
resulting mean temperatures, occurring for the exposure of single, consecutively exposed segments.

Considering the influence of thermal interdependencies of consecutively exposed
segments on resulting residual stress in PBF-LB/M [22] and the occurrence of thermal
interaction of subsequently exposed scan vectors, observed in PBF-LB/P [20], correla-
tions of fractal sequencing on resulting peak temperatures are investigated. Measured
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segment-specific peak temperatures of square 10 × 10 mm2 cross-sections exhibit a merely
insignificant influence of the exposure sequence, displayed in Figure 8.
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Figure 8. (a) Influence of the exposure sequence of a 10 × 10 mm2 cross-section on resulting peak
temperature values; (b) Spatial representation of the fractal exposure sequence of distinct segments.

Given the applied process parameters, fractal sequencing allows for the reduction
of thermal superposition with regard to observed peak temperatures. Considering the
fractal structure of the applied exposure sequence, a local, significant increase of peak
temperatures can be observed, being correlated with the local meander-shaped sequence
of the Peano curve. However, thermal superposition is predominantly limited to the local
thermal interference of consecutively exposed segments, restricting the cross-component
thermal superposition of exposed segments. Given the considerable reduction of part
warping, a reduced thermal interdependence of distinct segments can be correlated with
reduced stress-induced distortion, thus representing the foundation for the support-free,
non-isothermal manufacturing of solid parts. Furthermore, with regard to the applied
fractal sequencing of distinct segments, the observed merely local thermal superposition
implies the possibility of limiting geometry-dependent influences on manufactured parts,
hence allowing for the fabrication of parts with negligible variations of the local thermal
history, regardless of underlying part geometries.

5.3. Part Morphology

Non-isothermal, quasi-simultaneous PBF of Polyamide 12 exhibits considerable mor-
phological differences compared to components processed by means of isothermal PBF.
Thin sections of manufactured cubic samples display a layer-wise crystallization of dis-
tinct layers, exhibiting a parabolic melt pool geometry of exposed segments, displayed in
Figure 9.
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dthin-section = 10 µm.

Based on the displayed layer-wise structure, a dependence of the thermal penetration
depth on the thermal superposition of distinct segments can be observed, leading to a
reduced thermal penetration depth in the edge area. With regard to the observed, locally
varying penetration depth, the previously observed relation of the number of consecutive
exposure steps and the resulting peak temperature indicates a non-linear influence of the
number of applied consecutive exposure steps. Considering the relation of the thermal
diffusion length µ, the thermal impact time t, and the thermal diffusivity α [32], valid for
the assumption of pulsed heating, a non-linear influence of a varying, exposure-dependent
thermal impact time on the resulting thermal penetration depth is evident.

µ = 2
√

αt (4)

In addition, the observed degressive increase of the segment-specific temperature
indicates a superposing influence of the previously described relation of the number
of scan paths and the resulting peak temperature on the emerging melt pool geometry.
Consequently, the observed thickness of the top layer can be correlated with the applied
quasi-simultaneous exposure, being induced by a considerable increased thermal impact
time of the laser exposure compared to conventional exposure.

With regard to variations of the applied powder bed temperature implicitly influencing
transient temperature fields of distinct segments, an influence on the extent of thermal
degradation can be observed, displayed in Figure 10.
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Figure 10. Polarization micrographs of cubic samples manufactured applying a powder bed temper-
ature of 75 ◦C (a) and 100 ◦C (b).

Resulting morphologies depict a considerable influence of the applied powder bed
temperature, affecting both the homogeneity of formed layers and the occurrence of thermal
degradation in the center of distinct exposed segments. The extent of the occurrence of
defects can be correlated with thermographic findings, showing a negative correlation of
the applied powder bed temperature and the corresponding cooling rate, hence limiting
thermal degradation. Furthermore, an increased powder bed temperature is correlated with
the emergence of warping of manufactured parts, indicating the requirement of accelerated
cooling of distinct exposed segments for increasing the geometric part accuracy.

Varying spherulite sizes, formed within distinct layers, imply the occurrence of lo-
cally varying thermal conditions within the melt pool, leading to varying crystallization
kinetics and resulting spherulite sizes [33]. Considering crystalline structures formed in
isothermal PBF-LB/P, non-isothermal PBF-LB/P promotes the formation of significantly
reduced spherulite diameters regardless of the position within a particular layer. Therefore,
specimens manufactured by means of non-isothermal PBF exhibit a reduced morphological
homogeneity resulting from locally varying cooling rates, displayed in Figure 11, which is
considered inherently related to non-isothermal processing conditions [34]. In contrast to
isothermal processing, no structural morphologic differences of edge regions are formed in
parts produced by means of non-isothermal processing, indicating a potential improvement
of superficial mechanical and tribological properties of manufactured components.

Considering the influence of locally varying cooling rates on resulting spherulite
diameters [33], similar spherulite dimensions observed within the build plane indicate a
predominant thermal homogeneity during the exposure of distinct segments.

166



Polymers 2022, 14, 1428

Polymers 2022, 14, x FOR PEER REVIEW 13 of 17 
 

 

Considering the influence of locally varying cooling rates on resulting spherulite di-
ameters [33], similar spherulite dimensions observed within the build plane indicate a 
predominant thermal homogeneity during the exposure of distinct segments. 

 
Figure 11. Polarization micrographs of Polyamide 12 specimens manufactured applying isothermal 
(TB = 170 °C, v = 2000 mm s−1, P = 16 W, dhatch = 0.2 mm) (a) and non-isothermal (TB = 75 °C, v = 500 
mm s−1, P = 2 W, dhatch = 0.2 mm) (b) processing. 

Using computed tomography, the occurrence of local thermal degradation is pre-
dominantly limited to the center of distinct segments. The formation of spherical pores 
can be correlated with excessive energy input into the melt pool, indicating a reduced 
level of optimum energy density. However, considering an overall density of 98.51% 
±0.31, the satisfactory manufacturing of dense components can be demonstrated. Result-
ing spatial porosity distributions exhibit a periodic occurrence of thermal degradation 
within the build plane. In contrast, the average porosity level exhibits a predominant in-
variance towards the build height, displayed in Figure 12. 

 
Figure 12. Spatial porosity distribution of a cubic sample, applying fractal sequencing of sub-seg-
ments, dSmoothing = 0.2 mm. 

0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Po
ro

sit
y 

/ %

x-Dimension / mm

PA 12, TB = 75 °C, 
v = 500 mm s-1, PLaser = 2 W, 
dhatch = 0.2 mm, nScan = 25

0 2 4 6 8 10
z-Dimension / mm

0 2 4 6 8 10
y-Dimension / mm

Figure 11. Polarization micrographs of Polyamide 12 specimens manufactured applying isothermal
(TB = 170 ◦C, v = 2000 mm s−1, P = 16 W, dhatch = 0.2 mm) (a) and non-isothermal (TB = 75 ◦C,
v = 500 mm s−1, P = 2 W, dhatch = 0.2 mm) (b) processing.

Using computed tomography, the occurrence of local thermal degradation is predomi-
nantly limited to the center of distinct segments. The formation of spherical pores can be
correlated with excessive energy input into the melt pool, indicating a reduced level of
optimum energy density. However, considering an overall density of 98.51% ±0.31, the
satisfactory manufacturing of dense components can be demonstrated. Resulting spatial
porosity distributions exhibit a periodic occurrence of thermal degradation within the build
plane. In contrast, the average porosity level exhibits a predominant invariance towards
the build height, displayed in Figure 12.
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Figure 12. Spatial porosity distribution of a cubic sample, applying fractal sequencing of sub-
segments, dSmoothing = 0.2 mm.

The applied exposure sequence of distinct segments is implicitly represented in result-
ing porosity distributions, displaying a considerable variance of porosity observed in the
YZ-plane. Observed anisotropic influences are correlated with the exposure sequence of
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consecutive segments. With regard to the applied exposure sequence locally resembling
the meander strategy, a thermal superposition of consecutively exposed segments can be
correlated with evenly distributed porosity, induced by thermal decomposition. In contrast,
an increased time span between the exposure of segments located next to each other limits
thermal decomposition in the edge region of distinct segments, leading to the formation
of dense part regions. These findings are in good accordance with thermographic results,
indicating a local thermal superposition, thus influencing the local emergence of thermal
decomposition. Resulting from the segmented structure of the exposure strategy, observed
morphological properties indicate an implicit compensation of the shrinkage of distinct
segments due to the segmented build process. Corresponding implications on a potentially
improved dimensional accuracy of manufactured parts will be addressed in future research.

Therefore, in contrast to quasi-isothermal PBF, non-isothermal PBF allows for manufac-
turing quasi-dense sections, exhibiting an anisotropic, lamellar morphology. However, the
locally restricted formation of porosity implies the requirement for parameter optimizations
to avoid thermal degradation.

5.4. Thermal Material Properties

Using differential scanning calorimetry, similar properties of components manufac-
tured using isothermal and non-isothermal PBF-LB/P can be observed. In contrast to the
isothermal crystallization of Polyamide 12 at reduced ambient temperatures, described
by Paolucci et al. [14], no exothermal peak, correlated with cold crystallization, can be
observed for the application of a powder bed temperature of 75 ◦C, displayed in Figure 13.
Displayed results are in good accordance with findings described by Zhao et al. [13], ex-
hibiting a negative correlation of the applied cooling rate and the melting peak temperature
of fabricated samples, determined by means of DSC.
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Figure 13. Differential scanning calorimetry of specimens manufactured using non-isothermal PBF
and isothermal PBF.

The absence of cold crystallization indicates the predominant crystallization above the
applied powder bed temperature, which is in accordance with thermographic investiga-
tions, showing a slow cooling process compared to thermal quenching, applied by Paolucci
et al. [14]. Considering a melting enthalpy of −53.41 J/g ± 1.78 and −61.95 J/g ± 1.35 for
Polyamide 12 processed at non-isothermal conditions and by means of quasi-isothermal
processing, respectively, structural differences can be determined, indicating a slightly
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reduced crystallinity. Furthermore, a reduced melting point of specimens prepared at
non-isothermal conditions is evident. These observations are in accordance with findings
described by Kigure et al. [34] for the non-isothermal processing of Polyamide 12 using
support structures, showing a comparable reduction in the degree of crystallinity and the
melting peak temperature. Considering the applied powder bed temperature, no signif-
icant influence of an elevated powder bed temperature of 130 ◦C, described by Kigure
et al. [34], can be observed. Therefore, the formation of similar thermal properties indicates
a subordinate influence of the powder bed temperature on formed crystal modifications
and the degree of crystallinity.

However, despite observed marginal variations in thermal material properties, non-
isothermal processing promotes the formation of similar thermo-structural properties, cor-
related with similar crystalline structures, compared to the application of quasi-isothermal
PBF-LB/P.

5.5. Manufacturing of Complex Geometries

The applicability of low temperature PBF of complex geometries is correlated with
varying layer times [3], implying varying cooling times. Manufactured compression springs,
displayed in Figure 14, demonstrate the suitability of the proposed fractal, non-isothermal
processing strategy for successfully manufacturing geometries with varying cross-sections
at non-isothermal processing conditions. Consequently, the proposed approach allows for
the manufacturing of thick-walled and thin-walled components based on the combination
of locally quasi-simultaneous exposure and fractal scan path generation. With regard to the
geometric accuracy, structural restrictions can be observed.
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Figure 14. Depiction of a compression spring, manufactured by means of support-free low tempera-
ture PBF, TB = 75 ◦C.

Resulting geometric deviations are correlated with the previously discussed elevated
layer thickness, induced by the application of quasi-simultaneous exposure and an im-
plicitly elevated thermal impact time. Consequently, optimizations of applied processing
parameters and underlying thermal boundary conditions embed the potential for consider-
ably increasing the geometric accuracy in future research.

6. Conclusions and Outlook

Within the present paper, a novel approach for the laser-based powder bed fusion
of polymers was proposed. Based on the combination of fractal exposure strategies and
quasi-simultaneous exposure of distinct segments, the non-isothermal, support-free man-
ufacturing of varying part geometries could be demonstrated. Based on thermographic
imaging, a gradual temperature increase of discrete segments of the exposed cross-section
was identified. In combination with a subsequent immediate crystallization of distinct
segments, the spatially and temporally discrete exposure constitutes the methodological
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foundation of non-isothermal processing. By applying considerably reduced powder bed
temperatures, a lamellar morphology was obtained, exhibiting significantly reduced, lo-
cally varying spherulite sizes. Based on the segmented exposure strategy, shrinkage of
discrete segments is limited to the mesoscopic level, allowing for the manufacturing of
dense components.

Future research will focus on investigating mechanical properties of parts manufac-
tured using low-temperature powder bed fusion, the optimization of process parameters
in combination with the targeted local modification of the part morphology, as well as
the integration of thermally sensitive additives, such as medically active substances, into
manufactured parts. Furthermore, reducing the necessary number of consecutive exposure
steps is essential for decreasing the layer time for enhancing the economic viability of low
temperature PBF-LB/P. Therefore, potentials of low-temperature PBF-LB/P include the
application of polymer blends with divergent thermal properties, considerably reduced
thermal aging of polymers, and the manufacturing of thermally sensitive multi-material
components.
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