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Preface to ”Advanced Materials in 3D/4D Printing

Technology”

Advances made in 3D/4D printing have opened up new avenues for innovation in regenerative

medicine, aerospace, manufacturing, construction, and electronics. The current state of the art for

3D/4D printing technologies includes VAT photo-polymerization, material jetting, binder jetting,

material extrusion and powder bed fusion. To match the development made in printing technologies,

a myriad of printing materials with advanced functionalities have also been invented. The wide array

of advanced 3D/4D printing materials include cytoprotective and cytocompatible bioinks, flexible

and conductive printing inks, modular bioinks, stimuli-responsive polymer inks, hydrogel composite

systems, adaptive soft materials, shape memory materials, and heat-curable silicone printing ink.

Combining cutting-edge 3D/4D printing technologies with advanced materials have given

rise to disruptive breakthroughs in research such as complex designs in flexible electronics,

the biofabrication of humans-sized organs, adaptive soft robotics, personalized prosthesis and

biomedicine. However, significant challenges still lie ahead and problems relating to material

selection, multimaterial printing, print scalability, material processability, structure integrity and

stability still need to be solved before we can adopt 3D/4D printing technologies on a much larger

scale.

The goal of this book is to showcase state-of-the-art reviews, original research articles and

communications and letters from leaders in the field of 3D/4D printing. The focus will be on 3D/4D

printing materials with novel and/or advanced functionalities, novel applications of 3DP material,

and material synthesis and characterization techniques.

Houwen Matthew Pan and Eric Luis

Editors
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Editorial

Advanced Materials in 3D/4D Printing Technology

Houwen Matthew Pan

Division of Chemistry and Biological Chemistry, School of Physical and Mathematical Sciences,
Nanyang Technological University, 21 Nanyang Link, Singapore 637371, Singapore; matthew.pan@u.nus.edu

Advances made in 3D printing have opened new avenues for innovation in dental,
aerospace, soft robotics, thermal regulation, and flexible electronic devices. Current state-
of-the-art for 3D printing technologies include fused deposition modelling (FDM), selective
laser sintering (SLS), direct ink writing (DIW), and stereolithography (SLA). Recently, 4D
printing was borne from combining 3D printing technology with stimulus-responsive
printing ink. Four-dimensional-printed structures evolve as a function of time and exhibit
intelligent behavior such as self-assembly and actuation. To match the rapid develop-
ment of 3D and 4D printing technologies, a myriad of printing materials with advanced
functionalities have also been invented.

In this Special Issue, original research articles focusing on the study and creation
of advanced materials for 3D/4D printing technologies have been collected. Dynamic,
bio-inspired spider silks were successfully fabricated via the 4D printing of shape mem-
ory polyurethane. The shape morphing behaviors of bio-inspired spider silks were pro-
grammable via pre-stress assemblies enabled by 4D printing. Copper complexes were
synthesized as novel visible light photoinitiators for the free radical photopolymerization
of acrylates at the safe wavelengths of 405 and 455 nm. The new photoinitiators were used
for direct laser write experiments. A facile, water-based 3D-printable ink with sustainable
nanofillers and cellulose nanocrystals (CNCs) was developed for DIW to 3D print strong
PI/CNC composite aerogels for advanced thermal regulation. Dental forceps were 3D
printed via fused filament fabrication (FFF) and continuous fiber reinforcement (CFR)
technologies with comparable properties to conventional devices in terms of extraction
force. Three layers of corrugated PVC gel artificial muscles were 3D printed using a multi-
material, integrated direct writing method and displayed good actuating performance with
potential applications in soft robotics and flexible electronic devices. Using FDM technol-
ogy, moulds were prepared for the casting of carbon fiber components. By combining
FDM with chemical smoothing, low-cost moulds with a high quality surface finish were
successfully produced. Micro-/nanostructures were 3D printed on surfaces with different
wetting properties, and biomolecules with different functionalities were integrated into the
base polymer ink. The ability to incorporate binding tags to achieve specific interactions be-
tween relevant proteins and the fabricated micro-/nanostructures, without compromising
mechanical properties, paves the way for numerous biological and sensing applications.

Additionally, in-depth research of 3D printed components for specific applications
has also been included. Studies were carried out on the sound reflection behavior of four
different types of 3D-printed, open-porous polylactic acid (PLA) material structures, which
found that sound reflection behavior was strongly affected by the type of material structure,
excitation frequency, the total volume porosity, the specimen thickness, and the air gap
size. Polyphenylsulfone polymer powders were evaluated as fire-resistant materials for
processing by SLS. The microstructural evaluations and the mechanical property results
indicate sufficient intra- and inter-layer consolidation together with reasonable tensile
property responses. Lastly, a homogeneous structural element was generated that accu-
rately represents the behavior of FDM-processed materials, using a representative volume
element (RVE). The homogenization summarizes the main mechanical characteristics of
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the actual 3D printed structure, enabling the accurate engineering analysis of the final
3D-printed structure.

Finally, the Editors express their appreciation to all contributors to this Special Issue
and hope that it inspires and guides scientists to achieve greater progress in the area of
Advanced Materials for 3D and 4D Printing.

Conflicts of Interest: The authors declare no conflict of interest.
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Article

Bio-Inspired 4D Printing of Dynamic Spider Silks

Guiwei Li 1,2 , Qi Tian 1, Wenzheng Wu 1, Shida Yang 1, Qian Wu 2, Yihang Zhao 1, Jiaqing Wang 1, Xueli Zhou 2,

Kunyang Wang 2, Luquan Ren 1,2, Ji Zhao 1,3 and Qingping Liu 2,*

1 Advanced Materials Additive Manufacturing ((AM)2) Lab, School of Mechanical and Aerospace Engineering,
Jilin University, Changchun 130025, China; ligw@jlu.edu.cn (G.L.); tianqi1819@mails.jlu.edu.cn (Q.T.);
wzwu@jlu.edu (W.W.); yangsd9919@mails.jlu.edu.cn (S.Y.); zhaoyh9919@mails.jlu.edu.cn (Y.Z.);
wjq9919@mails.jlu.edu.cn (J.W.); lqren@jlu.edu.cn (L.R.); jzhao@jlu.edu.cn (J.Z.)

2 Key Laboratory of Bionic Engineering (Ministry of Education), Jilin University, Changchun 130022, China;
wuqian21@mails.jlu.edu.cn (Q.W.); xlzhou@jlu.edu.cn (X.Z.); kywang@jlu.edu.cn (K.W.)

3 School of Mechanical Engineering and Automation, Northeastern University, Shenyang 110004, China
* Correspondence: liuqp@jlu.edu.cn

Abstract: Spider silks exhibit excellent mechanical properties and have promising application
prospects in engineering fields. Because natural spider silk fibers cannot be manufactured on a
large scale, researchers have attempted to fabricate bio-inspired spider silks. However, the fabrication
of bio-inspired spider silks with dynamically tunable mechanical properties and stimulation–response
characteristics remains a challenge. Herein, the 4D printing of shape memory polyurethane is em-
ployed to produce dynamic bio-inspired spider silks. The bio-inspired spider silks have two types of
energy-absorbing units that can be adjusted, one by means of 4D printing with predefined nodes,
and the other through different stimulation methods to make the bio-inspired spider silks contract
and undergo spiral deformation. The shape morphing behaviors of bio-inspired spider silks are
programmed via pre-stress assemblies enabled by 4D printing. The energy-absorbing units of bio-
inspired spider silks can be dynamically adjusted owing to stress release generated with the stimuli
of temperature or humidity. Therefore, the mechanical properties of bio-inspired spider silks can be
controlled to change dynamically. This can further help in developing applications of bio-inspired
spider silks in engineering fields with dynamic changes of environment.

Keywords: 4D printing; bio-inspired spider silks; adjustable mechanical properties; shape morphing;
stimulus response

1. Introduction

The spider web has excellent mechanical properties [1–3], combines high tensile
strength with high ductility, and simultaneously exhibits excellent impact resistance [4,5].
The tensile strength of silk fibers is comparable to that of steel, and the elasticity of natural
spider silk is almost the same as that of rubber [6]. Spider silk has good application
prospects in various fields, such as textiles [7,8], biomedicine [9,10], military affairs [11],
and aerospace [12]. However, spiders are carnivores—they do not like to live in groups and
even kill each other—rendering it difficult for spiders to be bred on a large scale [13,14].
Therefore, producing natural spider fibers on an industrial scale is challenging. Thus, the
manufacturing and molding of bio-inspired spider silk has become a popular research topic.

Numerous studies have focused on the manufacture of bio-inspired spider webs.
Vendrely et al., through genetic engineering methods, employed two biotechnological
production strategies to successfully apply spider silk protein for the production of spider
silk [15]. Venkatesan et al. fabricated engineered major ampullate spidroin 2 (eMaSp2)
fiber by introducing foreign N- and C-terminal domains, and demonstrated that the fiber
has good shape memory effects triggered by humidity factors and the ability to restore
stress [16]. Inspired by the microstructure of spider silk, Chan et al. effectively utilized
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the localized β-sheet domains in the amorphous network considering the shortcomings
of existing processing technology, and synthesized a super composite material with a
spider silk-like “amorphous/β-folding” microstructure [17]. Dou et al. self-assembled
homemade hydrogel fibers to create artificial spider silk. This faux spider silk fiber consists
of a plastic sheath placed around an elastic core, which results in spider silk-like strength
and stretchability [18]. When used in impact reduction applications, the bio-inspired spider
silk fiber has a negligible rebound, allowing it to be applied to kinetic energy cushioning
and shock reduction. Zou et al. successfully designed a transparent composite material
with super-impact resistance using the SBHL strategy. Zou et al.’s biologically inspired
spider webs are able to dissipate a significant amount of energy, as they absorb impact and
seize the projectile like a natural spider web [19]. Qin et al. created spider-web mimics
composed of elastic thin filaments and investigated the mechanical response of the elastic
web under a variety of loading conditions [20].

The studies discussed above focused on static bio-inspired spider silk to create artifi-
cial bio-inspired fibers with mechanical properties similar to those of natural spider silk.
However, natural spider silk has a hierarchical structure and multiple properties, such
as humidity/water responses, light transmittance, and shape memory [21]. The actual
application conditions for bio-inspired spider silk often change dynamically. For the impact
resistance of spider silk it is often necessary to adapt to dynamic adjustments. We used
4D printing to create a spider silk structure. Based on 3D printing, 4D printing technology
has an additional fourth dimension: the time dimension [22,23]. Thus, 4D-printed objects
can change their shape/structure and mechanical properties over time after being stimu-
lated [24–26]. Therefore, bio-inspired spider silk obtained by 4D printing can be stimulated
by different conditions, such as temperature and humidity, to achieve dynamic changes. By
controlling the difference between the stimulus and preset printing conditions, the mechani-
cal properties of the bio-inspired spider silk can be controlled to change dynamically, which
can widen the application prospects of bio-inspired spider silk in the engineering field.

2. Materials and Methods

2.1. Mechanical Simulation Analysis

We chose CATIA V5R21 modeling software to establish the spider silk model and used
Workbench 2021 R1 software for the finite element simulation analysis of the model. In the
finite element analysis, one end of the model was set as a fixed support and the other end
was loaded with a tension of 1 N. For the material setting of the model, the density was set
to 1250 kg/m3, the Young‘s modulus was 1.4 MPa, and the ultimate tensile strength was
10 MPa. This solved the equivalent effect diagram of the model.

2.2. Printing the Bio-Inspired Spider Silk Samples

The raw material selected for printing was polyurethane (SK96B09, Kyoraku Co., Ltd.,
Tokyo, Japan). For the 4D printing of bio-inspired spider silk, the following process
parameters were set: the bottom layer printing speed was 300 mm/min, the top layer
printing speed was 7000 mm/min, the layer height was 0.2 mm, the nozzle diameter was
0.4 mm, the extrusion magnification was 1.2, the extrusion line width was 0.4 mm, the print
nozzle temperature was 180 ◦C, and the substrate temperature was 20 ◦C. This printed the
required bio-inspired spider silk with different nodes. At the same time, more than 10%,
30%, 50%, and 70% filling densities were employed.

2.3. Mechanical Property Characterization Experiment

For the mechanical property characterization experiments, the electronic universal test-
ing machine (UTM6104, Shenzhen Sansi Longitudinal and Hori-zontal Technology Co., Ltd.,
Shenzhen, China) was used. We mainly conducted tensile property characterization ex-
periments on bio-inspired spider silk to investigate the effects of tensile speed, stimulus
time, and spider silk humidity on the tensile properties of bio-inspired spider silk. First, we
investigated the tensile properties of the unstimulated sample and the samples stimulated
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for 1 min at 60 ◦C with different densities of nodes at a tensile speed of 30 mm/min.
Second, we investigated the tensile properties of the unstimulated sample and the samples
stimulated for 2 min at 60 ◦C with the same density of nodes at different tensile speeds.
Finally, the tensile properties of bio-inspired spider silks with different stimulation times
were investigated at a tensile speed of 30 mm/min. A universal mechanical testing machine
was used to test the tensile properties of bio-inspired spider silk at a constant tensile speed
until the specimens were pulled off. The stretching speed was chosen to be 30 mm/min
and 30, 50, 70, 90, 150, and 210 mm/min when the effects of different stretching speeds
were explored. For each set of tensile property characterization experiments, at least three
mechanical samples were tested to determine the yield point and the corresponding elastic
limit force, as well as the fracture point and the corresponding maximum tensile force. The
elongation at the break of the bio-inspired spider was obtained by dividing the value of the
deformation displacement at the break by the original length of the sample. The average
value was recorded, and the standard deviation was marked on the histogram. Then,
the sample test result closest to the average value was selected, according to which the
force–tension displacement curve of the bio-inspired spider was drawn in the same way.

2.4. The DSC and TGA Experiments

The DSC (DSC25, TA Instruments, New Castle, DE, USA) experiments were conducted
to test the difference in the degree of glass transition of bio-inspired spider samples with
different moisture absorption, and the temperature rise rate was set to 5 ◦C/min from
0 to 200 ◦C. The TGA (TGA55, TA Instruments, New Castle, DE, USA) experiments were
conducted to verify the moisture content absorbed by the bio-inspired spider silk sample
after immersion for different times. The immersion times were chosen to be 4, 8, and 16 min
at 60 ◦C and 30 and 60 min at 40 ◦C. The heating rate of the TGA experiment was 5 ◦C/min
in the range of 30 ◦C to 280 ◦C.

2.5. Bio-Inspired Spider Web Stimulation Experiments

The webs were stimulated with 150 W infrared light from a distance of 35 mm to ob-
serve the shrinkage and deformation of both the unstimulated webs and high-temperature-
stimulated webs. The infrared light (MYK020, Shanghai Yafu Lighting Electric Co., Ltd.,
Shanghai, China) was equipped with a Philips infrared bulb (PAR38E 150W 230V, Ams-
terdam, The Netherlands). Next, infrared light and humidity were used to stimulate the
high-temperature-stimulated webs to compare the differences between the two stimulation
methods. The high-temperature stimulation of the bio-inspired spider silk was performed
using water at a constant temperature of 80 ◦C. Simulations were performed three times;
each time, after 20 s of stimulation, the bio-inspired spider silk was quickly removed, gently
straightened, and stimulated again three times. The humidity stimulation method involved
soaking and humidifying the bio-inspired spider silk with constant-temperature water at
25 ◦C.

2.6. Impact Resistance Experiment and Invisible Interception Experiment

Application experiments were also conducted, including an impact resistance experi-
ment. Bio-inspired spider webs 100 × 100 mm in size were spaced 12.5 mm apart, and the
impact experiments were conducted using a glass ball and tennis ball. During the impact
test, it was ensured that the test was conducted under windless conditions. The vertical
distance between the center of the ball and the net surface was 30 mm for both balls. No
additional force was attached to the ball during its fall, and the impact was taken in a
free-fall manner. The diameter of the glass balls was 25 mm, and the weight of the tennis
balls was 55.638 g. Photographs were taken using an industrial camera (OSG030-815UM,
Shenzhen Yingshi Technology Co., Ltd., Shenzhen, China) equipped with a 2 million 1/2”
target surface industrial lens (HF-Z0412, Shenzhen Yingshi Technology Co., Ltd., Shenzhen,
China) to demonstrate the feasibility of the bio-inspired spider silk applied to stealth inter-
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ception. The dynamic bio-inspired spider web was used to demonstrate the feasibility of
intercepting impacts.

Next, bio-inspired spider web stealth interception experiments were performed, in
which the same background was chosen and spider silk with different stimulation levels
was used to weave the web; the difference in the stealthiness of the bio-inspired spider
web was observed under different stimulation levels, and the feasibility of its application
to stealth interception was analyzed. The bio-inspired spider silk was stimulated once,
three times, and five times at a constant temperature of 80 ◦C. The samples were removed
quickly after each stimulation for 20 s and gently straightened so that the corresponding
number of repetitions could obtain three types of bio-inspired spider silk with different
stimulation levels. Notably, bio-inspired spider silk was removed more slowly and not
straightened during the fifth stimulation to maintain the spiral effect.

3. Results and Discussion

3.1. Bio-Inspired 4D Printing of Dynamic Spider Silks

A biological prototype of spider silk is shown in Figure 1a. It is both elastic and rigid,
and can be considered to be composed of two parts: a semi-amorphous domain and a
nanocrystal [19]. When bio-inspired spider silk is stretched by force, the semi-amorphous
domain part inside the bio-inspired spider silk becomes elastic, and the spiral part inside
it is stretched by force. It can absorb energy when the bio-inspired spider silk is stressed,
which provides the bio-inspired spider silk with good impact resistance. Based on this
bio-inspired principle, as shown in Figure 1b, we programmed the process parameters. It
is possible to print two layers at different speeds and then bury the preset nodes. Under
stimulus, the linear part in the middle is spirally deformed owing to the difference in the
shrinkage of the double-layer material, while the preset nodes retain their bending at the
nodes so that a double preset can be achieved. The design enables the bio-inspired spider
silk to achieve spiral deformation, as shown on the right side of Figure 1b, under certain
stimulation conditions.

Figure 1. Schematic of bio-inspired spider webs catching prey when impacted (a); printing prin-
ciple demonstration (b); bio-inspired spider silk is deformed with various nodes by stimulated
shrinkage (c); simulation analysis of stress applied on two types of bio-inspired spider silk (d).

Stimulation experiments were performed on the printed spider silk with different
nodes. The stimulation experiments were performed under the specific conditions men-
tioned in Figure 1c, where bio-inspired spider silk with different nodes was placed in
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constant-temperature water for the same amount of time. The time selected was 1 min, the
temperature gradient was 10 ◦C, and the temperature range was 40 to 80 ◦C. The density of
nodes of the bio-inspired spider silk differed; 100 × 2 indicates that the bio-inspired spider
silk had a total of two segments, each with a length of 100 mm. The preset node 50 × 4
means that the bio-inspired spider silk consisted of four segments, each with a length of
50 mm and three preset nodes. Thus, under the premise that the density of the nodes of
the bio-inspired spider silk differs, the total length of the selected segments is the same
(200 mm), and the influence of different node densities and different temperatures on the
stimulation of the bio-inspired spider silk can be observed. Next, mechanical property
characterization experiments were performed. The force simulation of the bio-inspired
spider silk is shown in Figure 1d; the figure shows that when the printed spider silk with
nodes is stretched by force, because the equivalent force at the node is significantly greater
than that at a smooth straight line, the node will lead the force expansion to offset part
of the pull impact, as shown in Figure 1(d1). Similarly, the mechanical simulation of the
stimulated spider silk is shown in Figure 1(d2); at this time, because the linear part in the
middle of the original spider silk is bent spirally, the maximum equivalent force appears at
the relatively uniform spiral. When the bio-inspired spider silk is stimulated and stretched
by the force, the spiral part first unfolds due to the stretching force to offset part of the
impact, and then the nodes are expanded by the force.

We prepared the bio-inspired spider silk with different nodes by pre-programming the
process parameters. As shown in Figure 1c, the higher the temperature during stimulation,
the more pronounced the spiral bending phenomenon of the bio-inspired spider silk.
On the basis of the original bending of the nodes being retained, the linear part of the
printed bio-inspired spider silk also undergoes spiral deformation. Additionally, when the
bio-inspired spider silk is subjected to tensile deformation, the spiral deformation region
generated by the linear part will be the first to be subjected to a larger value of equivalent
force and unfold to resist the tensile impact. In this way, together with the bending at the
original nodes, a double pre-setting is achieved to enhance the tensile impact resistance of
the bio-inspired spider silk. This method uses a double-preset approach to provide a better
energy-absorption effect.

3.2. Effect of Energy-Absorbing Units on the Tensile Properties of Bio-Inspired Spider Silks

The size and density of energy-absorbing units affect the stress distribution of the bio-
inspired spider silk sample during stretching, which affects the dynamics of the mechanical
properties of the sample under different conditions. Two types of energy absorption units
exist in the samples. The density and size of the nodes are preset when printing the bio-
inspired spider silk sample as the preset energy-absorbing unit. The spiral deformation
of the sample after stimulation can be regarded as a large node as the additional energy
absorption unit. The energy-absorbing unit is mainly controlled by temperature during
stimulation, which can control the degree of spiral deformation. Thereby, the influences of
the density, the size of nodes, and the stimulation temperature on the tensile properties of
the bio-inspired spider silk samples were investigated.

3.2.1. Effect of Node Density

The density of the nodes significantly affected the tensile properties of the bio-inspired
spider silk. Four types of spider silk with different densities of nodes were used to conduct
tensile experiments under both unstimulated and stimulated conditions to investigate
specific difference phenomena. Figure 2a–d show the stretching of the four unstimulated
raw silk materials. As shown in Figure 1(d1), the mechanical simulation results of the
bio-inspired spider silk sample showed that when the raw bio-inspired spider silk sample
was stretched by force, the equivalent force value at the node was large, and the first to
be damaged. When the density of nodes was small, for example, in the raw bio-inspired
spider silk sample of 100 × 2 with only one preset node, the stress was concentrated which
first damaged the node, and the elastic limit force of the bio-inspired spider silk was small.
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When the density of the nodes was large, for example, the raw bio-inspired spider silk of
50 × 4 and 25 × 8, which had three and seven nodes to share the corresponding tensile
stress, respectively, the stress first damaged these nodes. However, when the density of the
nodes was large for the 12.5 × 16 spider silk sample with 15 nodes, the stress concentration
area was too dense, affecting the straight section; thus, the elastic tensile limit and maximum
tensile force of the unstimulated sample were reduced.

Figure 2. Force and tensile displacement curves of the unstimulated bio-inspired spider silk samples
with different nodes (a); elastic limit force (b); maximum tensile force (c); elongation at break (d).
Force versus tensile displacement curves of bio-inspired spider silk samples with different nodes
stimulated at 60 ◦C for 1 min (e); elastic limit force (f); maximum tensile force (g); elongation at
break (h).
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The unstimulated biomimetic silk had only the first type of energy absorbing units
with the preset nodes. When the sample was subjected to tension, the nodes were subjected
to a large value of equivalent force. However, the stress concentration at the nodes also
affected the linear part. When the linear section was short (e.g., 12.5 mm), the elastic tensile
limit and the maximum tensile force of the unstimulated sample was reduced. Therefore,
adopting appropriate nodal densities (e.g., 50 × 4 and 25 × 8) can improve the tensile
mechanical properties of bio-inspired spider silk.

We further investigated the differences in the tensile properties of the stimulated bio-
inspired spider silk, as shown in Figure 2e–h. The elongation at the break of the bio-inspired
spiders with different densities of nodes after stimulation remained the same, and there
was no significant difference in the maximum tensile force value; only the elastic limit force
value increased with a reduction in the density of nodes of the raw bio-inspired spider
material. This is because a smaller density of nodes results in a longer linear segment, as
shown in Figure 1(d2), and the equivalent maximum stress in the bio-inspired spider silk
after stimulation when it is stretched by force occurs at the bend formed by the contraction
of the linear segment after stimulation. In contrast, the 100 × 2 bio-inspired spider silk
had the longest original straight segment and the most bending spirals formed at the same
conditioned stimulation; thus, the elastic limit force of the bio-inspired spider silk with
the lowest density of these node became the largest. This shows that the difference in the
density of nodes causes a significant difference in the tensile properties of bio-inspired
spider silks.

Two types of energy absorbing units are present in the stimulated bio-inspired spider
silk sample. The spiral curved area formed by the stimulated bio-inspired spider silk
sample acted as the second type of energy absorbing unit and was the first to be stretched
by the force. Bio-inspired spider silks with different node densities have different numbers
of the first type of energy absorption units—preset nodes—and they have different lengths
of linear regions, which form the second type of energy-absorption units. The combined
effect of the two types of energy-absorbing units leads to significant differences in the
tensile properties of the stimulated bio-inspired spider silk samples.

3.2.2. Effect of Node Size

In the previous section, we showed that the densities of nodes significantly affected the
tensile properties of bio-inspired spider silk, and the size of the nodes should also affect the
tensile properties of bio-inspired spider silk. The filling density parameter during printing
was set to 10%, 30%, 50%, and 70% to obtain four types of bio-inspired spider silk structures
with different node sizes. Among them, the bio-inspired spider silk node was the largest at
the 10% filling density and the smallest at the 70% filling density. As shown in Figure 3a–d,
tensile experiments were performed on unstimulated raw bio-inspired spider silk materials
with different filling densities. The nodes of the samples printed at 70% filling density were
the smallest, and extremely small nodes lead to more obvious stress concentration, which
causes the bio-inspired spider silk to fracture in the middle of stretching; the elongation
at the breakage of this bio-inspired silk sample was the smallest. The maximum tensile
force of the unstimulated biomimetic 4D-printed bio-inspired spider silk sample at this
point decreased with the size of the nodes, as shown in Figure 3c, which could also be
because smaller nodes lead to a more pronounced stress concentration phenomenon which,
in turn, reduces the maximum tensile force. Next, the raw bio-inspired spider silk material
with different filling densities was stimulated and subjected to tensile experiments, as
shown in Figure 3e–h. At this point, the bio-inspired spider silk had two types of energy-
absorbing units after stimulation. The analysis performed under this condition is shown
in Figure 3f. The elastic limit force of the bio-inspired spider silk sample with 70% filling
density was slightly smaller, which may have been caused by the small nodes and obvious
stress concentration. The fracture tensile rate of the bio-inspired spider silk sample under
this condition decreased with a reduction in node size; the value of elongation at the break
of the sample printed at 70% filling density was also the smallest.
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Figure 3. Force versus tensile displacement curves of the unstimulated bio-inspired spider silk
samples with different filling densities (a); elastic limit force (b); maximum tensile force (c); elongation
at break (d). Force versus tensile displacement curves of the bio-inspired spider silk samples with
different filling densities stimulated for 1 min at 60 ◦C (e); elastic limit force (f); maximum tensile
force (g); elongation at break (h).
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The size of the nodes also significantly affects the tensile properties of the bio-inspired
spider silk samples. When the nodes are small, the stress concentration is extremely
pronounced and the degree of bending at these nodes is extremely dramatic. Thus, the
smaller the node, the more likely it is to fracture due to excessive stress concentration. This
results in relatively smaller values of maximum tensile force and fracture elongation for
bio-inspired spider silk samples with smaller nodes.

3.2.3. Effect of Stimulation Temperature

Finally, the effect of stimulation temperature on the tensile properties of the bio-
inspired spider silk samples was investigated, as shown in Figure 4a–d. The elastic limit
force, maximum tensile force, and elongation at the breaks of the samples were not signifi-
cantly different when the stimulation temperature was relatively low, e.g., at 40, 50, or 60 ◦C
for the constant-temperature water stimulation. When the temperature was again increased
to 70 ◦C, the elastic limit force and elongation at the break of the stimulated bio-inspired
spider samples significantly reduced, while their maximum tensile force magnitude re-
mained essentially unchanged. When the temperature was raised to 80 ◦C again, the elastic
limit force, maximum tensile force, and elongation at the break increased compared with
those at 70 ◦C. The elastic limit force and the elongation at the break were lower than those
of the bio-inspired spider samples stimulated by constant-temperature water at 40, 50, and
60 ◦C, but the maximum tensile force remained the same. The influence of stimulation
temperature on the tensile properties of bio-inspired spider samples cannot be ignored.

Figure 4. Force versus tensile displacement curves of the bio-inspired spider materials stimulated for
1 min at different temperatures (a); elastic limit force (b); maximum tensile force (c); elongation at
break (d).
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We synthesized the effects of node density and size as well as stimulation temperature
on the tensile properties of bio-inspired spider silk samples. Different stimulation tempera-
tures influenced the differences in the large nodes formed with the bio-inspired spider silk
samples after helical deformation. At the nodes, the abrupt change in shape produced the
stress concentration phenomenon. Differences in the type, density and size of the nodes
produced differences in the stress concentration, which further influenced the bio-inspired
spider silk tensile properties.

3.3. Effect of Tensile Speed and Moisture Absorption Content on the Tensile Properties of the
Bio-Inspired Spider Silks

3.3.1. The DSC and TGA Results

The effects of water on the internal molecular characteristics of polyurethane were
investigated via the DSC and TGA experiments. The glass transition temperature of
polyurethane decreases with increases in water absorption [27]. The absorbed water can
interact with the polymer, thus increasing the mobility of the polymer chains and leading
to a decrease in the glass transition temperature [28].

Figure 5a–d show the DSC and TGA results. Figure 5a,c show the DSC results.
Figure 5a illustrates that the glass transition temperatures of the bio-inspired spider samples
soaked at 60 ◦C for 4, 8, and 16 min decreased with increasing soaking time. The glass
transition temperature of the bio-inspired spider sample soaked for 16 min was the lowest,
followed by that of the bio-inspired spider sample soaked for 8 min, and the glass transition
temperature of the bio-inspired spider sample soaked for 4 min was the highest. Figure 5c
illustrates the DSC experiments performed on the bio-inspired spider silk samples treated
by immersion for 30 and 60 min at 40 ◦C. The glass transition temperature of the bio-
inspired spider silk samples soaked for 30 min was higher than that of the bio-inspired
spider silk samples soaked for 60 min. Figure 5b,d show the TGA results. Figure 5b
shows that the moisture absorption of the bio-inspired spider silk samples soaked for 4, 8,
and 16 min at 60 ◦C increased with increasing soaking time. The bio-inspired spider silk
samples soaked for 16 min absorbed the most moisture, followed by the bio-inspired spider
silk samples soaked for 8 min, and the bio-inspired spider silk samples soaked for 4 min
absorbed the least moisture. Figure 5d illustrates the TGA experiments performed on the
bio-inspired spider silk samples soaked at 40 ◦C for 30 and 60 min. The degree of moisture
absorption was greater for the bio-inspired spider silk samples soaked for 60 min and
lower for the bio-inspired spider silk samples soaked for 30 min. The increase in moisture
absorption significantly reduced the glass transition temperature of the bio-inspired spider
silk sample.

This is because the degree of moisture absorption of the bio-inspired spider silk
samples can significantly affect their glass transition temperature. Therefore, we conducted
experiments to investigate the effect of the degree of moisture absorption on the mechanical
and tensile properties of spider silk. The magnitude of the impact of the bio-inspired spider
silk samples varied by varying the stretching speed, representing the impact size of the
bio-inspired spider silk and, by controlling the soaking stimulation time at 60 ◦C, the degree
of moisture absorption of the samples could be varied.
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Figure 5. DCS experiments of bio-inspired spider silk samples soaked at 60 ◦C (a); TGA experiments
of bio-inspired spider silk samples soaked at 60 ◦C (b); DCS experiments of bio-inspired spider silk
samples soaked at 40 ◦C (c); TGA experiments of bio-inspired spider silk samples soaked at 40 ◦C (d).

3.3.2. Effect of Different Stretching Speeds

Figure 6a–d show the unstimulated raw bio-inspired spider silk samples at differ-
ent stretching speeds. At lower stretching speeds, that is, 30, 60, and 90 mm/min, the
stretching profiles of this photo-bio-inspired spider silk material were similar, and the
tensile properties of the bio-inspired spider silk were approximately the same. At higher
stretching speeds, up to 110 mm/min, a significant reduction in the elongation at the break
of the original spider silk material was observed. This phenomenon was more pronounced
when the stretching speed was higher (150 mm/min). Thus, when the tensile properties of
the 4D-printed samples were directly characterized without stimulation, the high tensile
speed indicated that the bio-inspired spider silk samples were subjected to a high impact.
This led to a fracture in the bio-inspired spider silk sample without reaching the desired
tensile strength limit, resulting in a significant reduction in the elongation at the break. To
avoid this phenomenon, we performed tensile property characterization experiments on
bio-inspired spider silk samples after deformation by stimulation under certain conditions.
As shown in Figure 6e–h, the stimulation conditions were chosen to allow the bio-inspired
spider silk sample to absorb moisture by submerging it in water at a constant temperature
of 60 ◦C for 2 min. The sample did not break in the middle of the experiment, even when
the tensile speed was increased to 210 mm/min. The elastic limit force, maximum tensile
force, and elongation at the break of the samples remained the same for different tensile
speeds, and the tensile properties of the samples did not significantly vary from 30 to
210 mm/min.
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Figure 6. Force versus tensile displacement curves of unstimulated raw bio-inspired spider silk
samples at different tensile speeds (a); elastic limit force (b); maximum tensile force (c); elongation
at break (d). Force versus tensile displacement curves for bio-inspired spider material stimulated
at 60 ◦C for 2 min at different tensile speeds (e); elastic limit force (f); maximum tensile force (g);
elongation at break (h).
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Unstimulated bio-inspired spider silk samples were subjected to larger tensile speeds,
which resulted in the sudden breakage of the bio-inspired spider silk samples during
stretching, causing a significant decrease in the fracture elongation of the samples at the
higher tensile speeds. In order to avoid mid-rupture, the sample can be soaked to increase
the relative humidity of the sample so that the tensile speed is increased from the value
that causes the unstimulated spider silk sample to break, and the stimulated sample still
does not break mid-rupture. Thus, by soaking and humidifying the samples, breakage in
the middle of the process at a high stretching speed can be prevented.

3.3.3. Effect of the Degree of Moisture Absorption

We investigated the effect of the degree of moisture absorption on the tensile properties
of the bio-inspired spider silk, as shown in Figure 7a–d, by subjecting the bio-inspired spider
silk to immersion stimulation at 60 ◦C for 0, 1, 2, 4, 8, and 16 min, and then investigated the
differences in the tensile properties of the samples under such conditions. The maximum
tensile force of the samples with different degrees of moisture absorption remained the
same, and there was no obvious difference; however, the curve of force versus tensile
displacement of the sample with the greatest degree of moisture absorption, that is, the
sample soaked for 16 min, significantly changed. The elastic limit force of the sample
decreased significantly. In addition, this sample had the smallest elongation at its break
compared to the previous samples that were soaked for 0, 1, 2, 4, and 8 min. The difference
in soaking stimulation time significantly affected the elastic limit force and elongation at
the break of the bio-inspired spider silk samples.

Figure 7. Force versus tensile displacement curves for bio-inspired spider material stimulated at
60 ◦C for different times (a); elastic limit force (b); maximum tensile force (c); elongation at break (d).

When the stimulated bio-inspired spider silk samples were immersed for longer
periods of time, the elastic ultimate force and elongation at the break decreased as the
degree of moisture absorption of the bio-inspired spider silk samples increased. The tensile
strength of the polymer decreased with increasing water absorption. This is related to the
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increase in toughness of the bio-inspired spider samples after a large increase in the degree
of moisture absorption of the bio-inspired spider silk.

3.4. Bio-Inspired Spider Web Stimulation Experiment

Different webs undergo relatively regular dynamic changes when stimulated in vari-
ous ways. Figure 8 shows the deformation diagrams of the bio-inspired spider silk webs
prepared with unstimulated and high-temperature-stimulated spider silk. Figure 8a shows
the dynamic deformation process of a web woven with unstimulated spider silk. Figure 8b
shows the deformation process of the web woven by the bio-inspired spider silk stimulated
at high temperatures. Dynamic changes were observed in both webs under infrared light
stimulation. The overall deformation is a contraction process. Thus, the response rate of
the webs woven by samples stimulated at high temperatures is significantly better than
that of the webs woven by unstimulated spider silk when subjected to the stimulation.
This is related to the learning property of the stimulated response of the shape memory
polymer [29].

Figure 8. Stimulated deformation of the unstimulated spider webs made of bio-inspired spider
silk (a); stimulated deformation of the webs made of bio-inspired spider silk stimulated at high
temperature (b); stimulated deformation of square bio-inspired spider webs stimulated by infrared
light (c); stimulated deformation of square bio-inspired spider webs stimulated by humidity (d).

Figure 8c,d show the results for the square-prepared bio-inspired spider silk webs
under infrared and humidity stimulations, respectively. The response rate of the stimulated
spider webs under infrared conditions was significantly better than that under humidity
stimulation. However, the final shrinkage and deformation of the bio-inspired spider
webs were similar, and it can be concluded that the different stimulation methods affected
the shrinkage and deformation rates of the bio-inspired spider webs. However, the final
shrinkage and deformation of the bio-inspired spider webs will not be affected if the
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stimulation time is sufficient, which is mainly determined by the state of the bio-inspired
spider webs before this stimulation.

The woven bio-inspired spider web can shrink and deform under infrared or humidity
stimulation. The degree of deformation increases with an increase in stimulation time,
and the rate of shrinkage and deformation of the bio-inspired spider silk web varies
under different stimulation methods. Thus, by controlling the manner, degree and timing
of stimulation, bio-inspired spider silk webs with different degrees of contraction and
deformation can be obtained. Furthermore, the observed dynamic changes in the shape
and mechanical properties of bio-inspired spider webs can be applied in different scenarios.

3.5. Application Experiments

Figure 9a,b show the dynamic response of a bio-inspired spider web to the impact
of different objects. Bio-inspired spider webs are formed by sequentially interweaving
biologically inspired spider silk with a double predetermined structure, as described in the
previous section. Figure 9(a1–a9) show the deformation of the bio-inspired spider web in
response to the impact of a small glass ball; Figure 9(b1–b9) show the deformation of the
bio-inspired spider web in response to the impact of a larger tennis ball. The entire process
is shown by the forced deformation when resisting the impact, the accumulation of force to
rebound, and the ball bouncing back. After each rebound, the kinetic energy of the ball is
absorbed by the bio-inspired spider web, and the velocity gradually decreases.

Figure 9. The glass ball impacts the bio-inspired spider silk web (a); tennis ball impacts the bio-
inspired spider silk web (b); the concealment of the web woven by bio-inspired spider silk with
different levels of stimulation (c).

Figure 9c shows the concealment of spider webs woven with bio-inspired spider
silk with different levels of stimulation. The web woven by the sample that underwent
only one high-temperature stimulation (Figure 9(c1)) had better concealment under this
condition and was difficult to detect. Figure 9(c2) shows that, with three high-temperature
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stimulations, the bio-inspired spider silk had the second highest concealment; Figure 9(c3)
shows that, with five high-temperature stimulations, the bio-inspired spider silk had the
worst concealment and could be detected more easily by observation.

As the number of stimulations increased, the contraction and spiral deformation of the
bio-inspired spider silk increased, and the concealment and mechanical properties of the
bio-inspired spider web dynamically changed. The concealment of the bio-inspired spider
web worsened. However, the mechanical properties of the samples improved to a certain
extent. Thus, a balance in practical applications must be found to achieve the desired
effect. This type of bio-inspired spider web can be used for stealth interception. Generally,
when the number of stimulations is lower, the concealment is better. When necessary, the
number of stimulations can be rapidly increased to improve the impact resistance of the
bio-inspired spider silk web for intercepting impact objects. It can be applied in underwater
interception, aerospace, military bases, and many other fields with special requirements.

The bio-inspired spider web made of polyurethane can produce different dynamic
deformation with the stimulation of various temperatures. When the stimulation conditions
are the same, the dynamic change process can be controlled by changing the density and
size of the nodes. The existing research on bio-inspired spider webs mainly focuses on
generating artificial bio-inspired fibers with mechanical properties similar to those of
natural spider silk, or investigating the mechanical properties exhibited by spider web
structures in response to different types of impacts [30]. We took two approaches to
control the dynamics of the mechanical properties of bio-inspired spider webs via pre-
programming and varying the degrees of stimulation, which successfully achieved a certain
degree of controlled dynamic changes in the bio-inspired spider webs.

4. Conclusions

The effects of various stimulation methods on the mechanical properties of 4D-printed
bio-inspired spider silk were investigated and analyzed. The results demonstrated that the
tensile properties of the bio-inspired spider silk fabricated using the 4D printing method
in this study can be dynamically varied using stimulation methods such as temperature,
humidity, and infrared light. The essence of this method is that by stimulating the bio-
inspired spider silk material, it can be contracted and deformed to form a relatively uniform
spiral structure in a localized area. By varying the stimulation method and time, the size and
amount of the spiral region formed by the contraction and deformation can be controlled.
This controls the shape and size of the energy-absorbing unit formed by the bio-inspired
spider silk after stimulation, which further affects the mechanical properties of the bio-
inspired spider silk. The energy-absorbing units can be formed not only according to the
stimulation method, but also in the form of nodes that are preset into the printed bio-
inspired spider silk structure. This allows the formation of a part of the energy-absorbing
unit in the form of an advanced burial. Through the double preset coupling of these
two types of energy-absorbing units, the proportion and size of each part of the energy-
absorbing unit can be controlled so that the mechanical properties of the bio-inspired
spider silk, particularly the tensile properties, can be dynamically changed. Controlling
the dynamics of bio-inspired spider silk further enables dynamic changes in the impact
resistance of the woven bio-inspired spider silk web. We have proposed a relatively simple
way to control the dynamic changes in the mechanical properties of bio-inspired spider
silk, resulting in a dynamic 4D-printed bio-inspired spider web. This can lead to the further
development of application areas involving bio-inspired spider webs.

Author Contributions: Conceptualization, G.L. and Q.L.; methodology, G.L. and Q.T.; software, Q.T.
and Y.Z.; investigation, G.L., Q.T., W.W., Q.W., S.Y. and J.W.; data curation, G.L., Q.T., X.Z. and K.W.;
writing—original draft preparation, G.L. and Q.T.; writing—review and editing, G.L., Q.T., W.W.,
Q.W., S.Y., J.W., Y.Z., X.Z., K.W., J.Z. and L.R.; supervision, G.L., Q.L. and W.W.; project administration,
G.L. and Q.L.; funding acquisition, G.L., K.W. and L.R. All authors have read and agreed to the
published version of the manuscript.

18



Polymers 2022, 14, 2069

Funding: This research is supported by National Natural Science Foundation of China (No. 52105342
and 52005209), foundation for Innovative Research Groups of the National Natural Science Founda-
tion of China (No. 52021003).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Eisoldt, L.; Smith, A.; Scheibel, T. Decoding the secrets of spider silk. Mater. Today 2011, 14, 80–86. [CrossRef]
2. Lewis, R.V. Spider silk: Ancient ideas for new biomaterials. Chem. Rev. 2006, 106, 3762–3774. [CrossRef] [PubMed]
3. Heim, M.; Keerl, D.; Scheibel, T. Spider silk: From soluble protein to extraordinary fiber. Angew. Chem. Int. Ed. 2009, 48, 3584–3596.

[CrossRef] [PubMed]
4. Du, N.; Yang, Z.; Liu, X.Y.; Li, Y.; Xu, H.Y. Structural origin of the strain-hardening of spider silk. Adv. Funct. Mater. 2011, 21,

772–778. [CrossRef]
5. Rising, A.; Johansson, J. Toward spinning artificial spider silk. Nat. Chem. Biol. 2015, 11, 309–315. [CrossRef] [PubMed]
6. Römer, L.; Scheibel, T. The elaborate structure of spider silk: Structure and function of a natural high performance fiber. Prion

2008, 2, 154–161. [CrossRef]
7. Pant, H.R.; Bajgai, M.P.; Nam, K.T.; Seo, Y.A.; Pandeya, D.R.; Hong, S.T.; Kim, H.Y. Electrospun nylon-6 spider-net like nanofiber

mat containing TiO2 nanoparticles: A multifunctional nanocomposite textile material. J. Hazard. Mater. 2011, 185, 124–130.
[CrossRef]

8. Gu, Y.; Yu, L.; Mou, J.; Wu, D.; Zhou, P.; Xu, M. Mechanical properties and application analysis of spider silk bionic material.
e-Polymers 2020, 20, 443–457. [CrossRef]

9. Kluge, J.A.; Rabotyagova, O.; Leisk, G.G.; Kaplan, D.L. Spider silks and their applications. Trends Biotechnol. 2008, 26, 244–251.
[CrossRef]

10. Liu, Y.; Huang, W.; Meng, M.; Chen, M.; Cao, C. Progress in the application of spider silk protein in medicine. J. Biomater. Appl.

2021, 36, 859–871. [CrossRef]
11. Steffens, F.; Gralha, S.E.; Ferreira, I.L.S.; Oliveira, F.R. Military Textiles—An Overview of New Developments. Key Eng. Mater.

2019, 812, 120–126. [CrossRef]
12. Bardenhagen, A.; Sethi, V.; Gudwani, H. Spider-silk composite material for aerospace application. Acta Astronaut. 2021, 193,

704–709.
13. Edlund, A.M.; Jones, J.; Lewis, R.; Quinn, J.C. Economic feasibility and environmental impact of synthetic spider silk production

from escherichia coli. New Biotechnol. 2018, 42, 12–18. [CrossRef] [PubMed]
14. Xu, J.; Dong, Q.; Yu, Y.; Niu, B.; Ji, D.; Li, M.; Huang, Y.; Chen, X.; Tan, A. Mass spider silk production through targeted gene

replacement in Bombyx mori. Proc. Natl. Acad. Sci. USA 2018, 115, 8757–8762. [CrossRef]
15. Vendrely, C.; Scheibel, T. Biotechnological production of spider-silk proteins enables new applications. Macromol. Biosci. 2007, 7,

401–409. [CrossRef]
16. Venkatesan, H.; Chen, J.; Liu, H.; Kim, Y.; Na, S.; Liu, W.; Hu, J. Artificial spider silk is smart like natural one: Having

humidity-sensitive shape memory with superior recovery stress. Mater. Chem. Front. 2019, 3, 2472–2482. [CrossRef]
17. Chan, N.J.-A.; Gu, D.; Tan, S.; Fu, Q.; Pattison, T.G.; O’Connor, A.J.; Qiao, G.G. Spider-silk inspired polymeric networks by

harnessing the mechanical potential of β-sheets through network guided assembly. Nat. Commun. 2020, 11, 1630. [CrossRef]
18. Dou, Y.; Wang, Z.-P.; He, W.; Jia, T.; Liu, Z.; Sun, P.; Wen, K.; Gao, E.; Zhou, X.; Hu, X. Artificial spider silk from ion-doped and

twisted core-sheath hydrogel fibres. Nat. Commun. 2019, 10, 5293. [CrossRef]
19. Zou, S.; Therriault, D.; Gosselin, F.P. Spiderweb-Inspired, Transparent, Impact-Absorbing Composite. Cell Rep. Phys. Sci. 2020,

1, 100240. [CrossRef]
20. Qin, Z.; Compton, B.G.; Lewis, J.A.; Buehler, M.J. Structural optimization of 3D-printed synthetic spider webs for high strength.

Nat. Commun. 2015, 6, 7038. [CrossRef]
21. Li, J.; Li, S.; Huang, J.; Khan, A.Q.; An, B.; Zhou, X.; Liu, Z.; Zhu, M. Spider Silk-Inspired Artificial Fibers. Adv. Sci. 2021, 9,

2103965. [CrossRef] [PubMed]
22. Momeni, F.; Liu, X.; Ni, J. A review of 4D printing. Mater. Des. 2017, 122, 42–79. [CrossRef]
23. Kuang, X.; Roach, D.J.; Wu, J.; Hamel, C.M.; Ding, Z.; Wang, T.; Dunn, M.L.; Qi, H.J. Advances in 4D printing: Materials and

applications. Adv. Funct. Mater. 2019, 29, 1805290. [CrossRef]
24. Su, J.-W.; Gao, W.; Trinh, K.; Kenderes, S.M.; Pulatsu, E.T.; Zhang, C.; Whittington, A.; Lin, M.; Lin, J. 4D printing of polyurethane

paint-based composites. Int. J. Smart Nano Mater. 2019, 10, 237–248. [CrossRef]
25. Kanu, N.J.; Gupta, E.; Vates, U.K.; Singh, G.K. An insight into biomimetic 4D printing. RSC Adv. 2019, 9, 38209–38226. [CrossRef]

[PubMed]

19



Polymers 2022, 14, 2069
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Abstract: This work is devoted to the study of two copper complexes (Cu) bearing pyridine
ligands, which were synthesized, evaluated and tested as new visible light photoinitiators for
the free radical photopolymerization (FRP) of acrylates functional groups in thick and thin sam-
ples upon light-emitting diodes (LED) at 405 and 455 nm irradiation. These latter wavelengths
are considered to be safe to produce polymer materials. The photoinitiation abilities of these
organometallic compounds were evaluated in combination with an iodonium (Iod) salt and/or amine
(e.g., N-phenylglycine—NPG). Interestingly, high final conversions and high polymerization rates
were obtained for both compounds using two and three-component photoinitiating systems (Cu1
(or Cu2)/Iodonium salt (Iod) (0.1%/1% w/w) and Cu1 (or Cu2)/Iod/amine (0.1%/1%/1% w/w/w)).
The new proposed copper complexes were also used for direct laser write experiments involving a
laser diode at 405 nm, and for the photocomposite synthesis with glass fibers using a UV-conveyor
at 395 nm. To explain the obtained polymerization results, different methods and characterization
techniques were used: steady-state photolysis, real-time Fourier transform infrared spectroscopy
(RT-FTIR), emission spectroscopy and cyclic voltammetry.

Keywords: copper complex; photocomposite; LED; laser write; free radical photopolymerization

1. Introduction

The elaboration of polymers by photochemical means, such as free radical photopolymer-
ization (FRP) and cationic photopolymerization (CP), have been mainly based on the use of
metal-free organic dyes and photoinitiators at the industrial and academic levels [1–12], and
these synthetic processes (FRP and CP) are widely used in different fields, e.g., dentistry [13–23],
adhesives [24–28], coatings [29–33], composites [34], medicine [35–40], direct laser write, 3D
and 4D printing [41–50], etc. On the other hand, organometallic compounds are not really
used in industry; in other words, manufacturers avoid incorporating metallic compounds
in their synthetic formulations due to their potential toxicity and price [51–64]. With their
photochemical properties, such as high-absorption properties in the near-UV and visible
range [65–68], long-lived excited states [69–74], suitable redox potentials [75–89], copper
complexes can be used as photoinitiators (PIs)/photoredox catalysts able to produce active
species, according to a catalytic cycle [90,91]. Therefore, it is very important to develop new
metal-free photoinitiators or low-cost organometallic-based complexes [92–95].

In fact, copper complexes have attracted much attention and intense efforts have
been devoted in recent years to the development of new copper complexes of improved
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photosensitivity, due to their competitive costs compared to other metal complexes. Copper
complexes bearing a pyridine-based chelate ligand showed excellent photochemical proper-
ties for photocatalysis process, such as high-oxidation potential in the excited state [96–99],
long-excited-state lifetime, high-emission quantum yields and high-absorption properties
in the UV-visible region. Furthermore, copper complex derivatives have already been
tested as PIs for FRP, CP, as well as IPN synthesis [100–104].

In this paper, two new copper complexes (Cu1–Cu2) (Figure 1) were synthesized and
investigated as visible light photoinitiators upon exposure to LEDs at 405 and 455 nm for
FRP, CP and the synthesis of interpenetrating polymer networks (IPNs) of acrylate/epoxy
monomer blends. These compounds will be incorporated in two (Cu1 (or Cu2)/Iod
(0.1%/1% w/w)) and three-component (Cu1 (or Cu2)/Iod/NPG (0.1%/1%/1% w/w/w))
photoinitiating systems (PISs) to produce polymer materials by free radical photopoly-
merization and the polymerization of acrylate/epoxy blend (IPNs). The photoinitiating
ability of copper complexes will also be explained based on the interaction of Cu1 (or
Cu2)/Iod and Cu1 (or Cu2)/Iod/NPG, which can be studied using different techniques
and characterization processes, e.g., steady-state photolysis, cyclic voltammetry, fluores-
cence quenching and electron spin resonance spin trapping. Finally, to demonstrate the
effectiveness of these new copper complex-based photoinitiators, experiments using direct
laser writing (DLW), 3D printing and photocomposites synthesis were carried out in this
work using different irradiation sources.

Cu1 Cu2

Figure 1. Copper complexes used in this work as PIs.

2. Materials and Methods

2.1. Synthesis of Chalcones, Ligands and Copper Complexes

Experimental conditions and acquisition conditions have been detailed
elsewhere [13,92,100]. The two chalcones used for the design of ligands L1 and L2 were
then engaged in a cyclization reaction with β-aminocrotonitrile according to a reaction
reported in 1992 by Masaki Matsui [105,106]. Bis(2-isocyanophenyl) phenylphosphonate
(binc) was synthesized by adapting a literature procedure [107,108].

Synthesis of bis(2-isocyanophenyl) phenylphosphonate (binc)

Benzoxazole (9.1 g, 76.3 mmol, 1.0 equiv.) was dissolved in dry THF (200 mL). The
solution was cooled at −78 ◦C and n-BuLi (2.5 M in hexane, 32.0 mL, 80.0 mmol, 1.05 equiv.)
was added. Stirring was maintained for 1.5 h at this temperature. Phenyl phosphonic
dichloride (5.7 mL, 4.04 mmol, 0.53 equiv.) was added and the solution could warm to
room temperature. The solution was poured in Et2O:NaHCO3 (2:1, 150 mL). The organic
phase was washed with water several times, dried over magnesium sulfate and the solvent
removed under reduced pressure. The residue was crystallized in pentane/ethyl acetate
(4/1) to provide the ligand (55% yield) as a light brown solid. 1H NMR (400 MHz, CDCl3)
δ(ppm): 8.23–8.11 (m, 2H), 7.69 (td, J = 7.4, 1.3 Hz, 1H), 7.58 (dt, J = 12.5, 6.3 Hz, 2H),
7.48 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 7.9 Hz, 2H), 7.34 (td, J = 8.1, 1.6 Hz, 2H), 7.18 (t, J = 7.7 Hz,
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2H); 13C NMR (101 MHz, CDCl3) δ(ppm): 169.7, 145.7, 145.7, 134.5, 132.9, 132.8, 130.7, 130.7,
129.3, 129.1, 128.3, 125.9, 124.1, 124.1, 121.7, 121.7. (isonitrile carbons not detected); HRMS
(ESI MS) m/z: theor: 360.0664 found: 360.0666 (M+. detected).

Synthesis of (E)-3-(4-(dimethylamino)phenyl)-1-(pyridin-2-yl)prop-2-en-1-one

Next, 4-(Dimethylamino)benzaldehyde (1.49 g, 10.0 mmol, M = 149.19 g/mol) and
1-(pyridin-2-yl)ethan-1-one (1.21 g, 10.0 mmol, M = 121.14 g/mol) were suspended in
ethanol (50 mL) and aq. KOH (40%) (10 mL) was added. After stirring overnight, the solid
was filtered off, washed with ethanol and water, and dried under vacuum. The product was
purified by filtration on a plug of SiO2 using dichloromethane (DCM) as the eluent (2.32 g,
92% yield). 1H NMR (400 MHz, CDCl3) δ(ppm): 8.61–8.49 (m, 1H), 8.01 (d, J = 7.4 Hz, 1H),
7.92 (d, J = 15.8 Hz, 1H), 7.77 (d, J = 15.8 Hz, 1H), 7.66 (t, J = 7.0 Hz, 1H), 7.45 (d, J = 7.7 Hz,
2H), 7.31–7.22 (m, 1H), 6.49 (d, J = 7.8 Hz, 2H), 2.83 (s, 6H); 13C NMR (101 MHz, CDCl3)
δ(ppm): 189.16, 155.00, 152.11, 148.69, 145.94, 136.89, 130.90, 126.40, 122.99, 122.72, 115.47,
111.74, 40.06; HRMS (ESI MS) m/z: theor: 253.1296 found: 253.1299 ([M + H]+ detected).

Synthesis of (E)-3-(4-(dimethylamino)phenyl)-1-(6-methylpyridin-2-yl)prop-2-en-1-one

Following this, 4-(Dimethylamino)benzaldehyde (2.21 g, 14.8 mmol, M = 149.19 g/mol)
and 1-(6-methylpyridin-2-yl)ethan-1-one (2.00 g, 14.8 mmol, M = 135.17 g/mol) were
dissolved in ethanol (50 mL) and aq. KOH (40%) (15 mL) was added. After stirring the
solution overnight, the resulting solid was filtered off. It was purified by filtration on a
plug of SiO2 using DCM as the eluent. For a higher purity, the solid was first dissolved
in DCM and precipitated by addition of pentane (3.51 g, 89% yield). 1H NMR (400 MHz,
CDCl3) δ(ppm): 8.02 (d, J = 15.8 Hz, 1H), 7.90 (d, J = 7.5 Hz, 1H), 7.84 (d, J = 15.9 Hz,
1H), 7.65 (t, J = 7.7 Hz, 1H), 7.58–7.53 (m, 2H), 7.23 (d, J = 7.4 Hz, 1H), 6.66–6.60 (m, 2H),
2.97 (s, 6H), 2.60 (s, 3H); 13C NMR (101 MHz, CDCl3) δ(ppm): 189.62, 157.67, 154.57, 152.04,
145.63, 136.95, 130.84, 126.02, 123.26, 119.84, 115.94, 111.77, 40.13, 24.54; HRMS (ESI MS)
m/z: theor: 267.1453 found: 267.1451 ([M + H]+ detected).

Synthesis of 4-(4-(dimethylamino)phenyl)-6-methyl-[2,2′-bipyridine]-5-carbonitrile

Potassium tert-butoxide (1.2 g) and β-aminocrotonitrile (4.92 g, 60 mmol, M = 82.10 g/mol)
were dissolved in acetonitrile (300 mL) and the solution was heated at 35 ◦C for 15 min. Chal-
cone (E)-3-(4-(dimethylamino)phenyl)-1-(pyridin-2-yl)prop-2-en-1-one (2.52 g, 10.0 mmol,
M = 252.32 g/mol) was added and stirring was maintained for three days. The solid was fil-
tered off and washed with ethanol and water. It was purified by filtration on a plug of SiO2
using DCM as the eluent (2.83 g, 90% yield). 1H NMR (400 MHz, CDCl3) δ(ppm): 8.70 (ddd,
J = 4.8, 1.7, 0.9 Hz, 1H), 8.50 (dt, J = 8.0, 1.0 Hz, 1H), 8.40 (s, 1H), 7.85 (td, J = 7.8, 1.8 Hz,
1H), 7.72–7.64 (m, 2H), 7.36 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 6.85–6.77 (m, 2H), 3.05 (s, 6H),
2.89 (s, 3H); 13C NMR (101 MHz, CDCl3) δ(ppm): 162.47, 157.15, 155.03, 154.08, 151.47,
149.38, 137.02, 129.74, 129.74, 124.47, 123.44, 122.10, 118.22, 117.68, 111.97, 111.97, 106.10,
40.19, 40.19, 24.38; HRMS (ESI MS) m/z: theor: 315.1565 found: 315.1564 ([M + H]+ detected).
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Synthesis of 4-(4-(dimethylamino)phenyl)-6,6′-methyl-[2,2′-bipyridine]-5-carbonitrile

Potassium tert-butoxide (1.2 g) and β-aminocrotonitrile (4.92 g, 60 mmol, M = 82.10 g/mol)
were dissolved in acetonitrile (300 mL) and the solution was heated at 35 ◦C for 15 min.
Chalcone (E)-3-(4-(dimethylamino)phenyl)-1-(6-methylpyridin-2-yl)prop-2-en-1-one (L3)
(2.66 g, 10.0 mmol, M = 266.34 g/mol) was added and stirring was maintained for three
days. The solid was filtered off and washed with ethanol and water. It was purified by
filtration on a plug of SiO2 using DCM as the eluent (2.76 g, 84% yield). 1H NMR (400 MHz,
CDCl3) δ(ppm): 8.40 (s, 1H), 8.27 (d, J = 7.8 Hz, 1H), 7.72 (t, J = 7.8 Hz, 1H), 7.69–7.63 (m, 2H),
7.21 (d, J = 7.6 Hz, 1H), 6.85–6.79 (m, 2H), 3.05 (s, 6H), 2.88 (s, 3H), 2.63 (s, 3H); 13C NMR
(101 MHz, CDCl3) δ(ppm): 162.36, 158.24, 157.56, 154.37, 154.00, 151.43, 137.13, 129.70,
129.70, 124.09, 123.68, 119.11, 118.27, 117.78, 112.01, 112.01, 105.95, 40.21, 40.21, 24.61, 24.38;
HRMS (ESI MS) m/z: theor: 329.1722 found: 329.1719 ([M + H]+ detected).

Synthesis of Cu1

Tetrakis(acetonitrile)copper(I) hexafluorophosphate (372 mg, 1.0 mmol, M = 372.72 g/mol),
bis(2-isocyanophenyl)phenylphosphonate (binc) (360 mg, 1.0 mmol, M = 360.31 g/mol) and
4-(4-(dimethylamino)phenyl)-6-methyl-[2,2′-bipyridine]-5-carbonitrile (314 mg, 1.0 mmol,
M = 314.39 g/mol) were dissolved in DCM (100 mL) and the solution was stirred at
25 ◦C for 2 h. The solution was concentrated to ca. 5 mL. Diethyl ether was added,
as the product was a solid (866 mg, 98% yield). 1H NMR (400 MHz, CDCl3) δ(ppm):
8.96 (s, 1H), 8.51 (s, 1H), 8.26 (s, 1H), 8.14 (dd, J = 14.2, 7.6 Hz, 2H), 7.85–7.70 (m, 4H),
7.70–7.59 (m, 4H), 7.52–7.35 (m, 5H), 7.24 (t, J = 8.1 Hz, 2H), 6.94 (s (br), 2H), 3.21 (s, 3H),
3.11 (s, 6H); HRMS (ESI MS) m/z: theor: 737.1486 found: 737.1481 (M+. detected); Anal.
Calc. for C40H31CuF6N6O3P2: C, 54.4; H, 3.5; O, 5.4; Found: C, 54.6; H, 3.4; O, 5.5%.

Synthesis of Cu2

Tetrakis(acetonitrile)copper(I) hexafluorophosphate (372 mg, 1.0 mmol, M = 372.72 g/mol),
bis(2-isocyanophenyl)phenyl phosphonate (binc) (360 mg, 1.0 mmol, M = 360.31 g/mol) and
4-(4-(dimethylamino)phenyl)-6,6′-methyl-[2,2′-bipyridine]-5-carbonitrile (328 mg, 1.0 mmol,
M = 328.42 g/mol) were dissolved in DCM (100 mL) and the solution was stirred at 25 ◦C
for 2 h. The solution was concentrated to ca. 5 mL. Addition of diethyl ether precipi-
tated the product as a yellow solid (883 mg, 98% yield). 1H NMR (400 MHz, DMSO)
δ(ppm): 8.76 (s, 1H), 8.62 (s, 1H), 8.21 (s, 1H), 8.02 (dd, J = 13.2, 7.2 Hz, 2H), 7.79 (s, 6H),
7.67 (s, 2H), 7.56 (t, J = 7.9 Hz, 2H), 7.35 (dd, J = 21.3, 8.0 Hz, 5H), 6.92 (d, J = 8.8 Hz,
2H), 3.14 (s, 3H), 3.06 (s, 6H), 2.93 (s, 3H); HRMS (ESI MS) m/z: theor: 751.1642 found:
751.1639 (M+. detected); Anal. Calc. for C41H33CuF6N6O3P2: C, 54.9; H, 3.7; O, 5.3;
Found: C, 55.0; H, 3.4; O, 5.5%.
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2.2. Other Chemicals

Chemical structure of the different monomers and additives are presented in Figure 2.
Di-tert-butyl-diphenyl iodonium hexafluorophosphate (Iod) and ethyl 4-(dimethylamino)-
benzoate (EDB) were obtained from Lambson Ltd. (UK). Di(trimethylolpropane) tetraacry-
late (TA), trimethylolpropane triacrylate (TMPTA), (3,4-epoxycyclohexane)methyl 3,4-
epoxycyclohexylcarboxylate (EPOX; Uvacure 1500), N-phenylglycine (NPG), N-vinylcarbazole
(NVK) and N,N-dimethyl-p-toluidine (TMA) were obtained from Allnex or Sigma Aldrich.
TA, TMPTA and EPOX were chosen as acrylic and cationic monomers for the radical and
cationic polymerizations.

Iod NVK 4-N,N,TMA

Additives

Monomers

EPOX TMPTA TA

NPG EDB

Figure 2. Other organic compounds used.

2.3. Irradiation Sources: Light-Emitting Diodes

All the irradiation sources used during these experiments are based on light-emitting
diodes (LEDs) and used as safe sources: (1) LED at 375 nm (I0 = 75 mW·cm−2) for the pho-
tolysis experiments, (2) LED at 405 nm (I0 = 110 mW·cm−2) and 455 nm (I0 = 75 mW·cm−2)
for the photopolymerization experiments, (3) LED conveyor at 395 nm (I0 = 4 W·cm−2) for
the photocomposite synthesis.

2.4. Photopolymerization Kinetics Determination by Real-Time Fourier Transform Infrared
Spectroscopy (RT-FTIR)

In the present work, copper derivatives were used in two and three-component PISs for
both FRP and CP under irradiation with LEDs at 405 and 455 nm. PISs were mainly based
on two-component Cu1 (or Cu2)/Iod (0.1%-0.2%-0.5%/1% w/w) and three-component Cu1
(or Cu2)/Iod/amine (NPG, NVK) (0.1%/1%/1% w/w/w) systems. The weight percOKent
of the photoinitiating (PI, co-initiator and amine) system was calculated from the global
monomer content. Firstly, two different samples were studied for each photosensitive
formulation in (i) thick (thickness = 1.4 mm) and (ii) thin samples (thickness = 25 μm).
The epoxy and acrylate conversions were continuously followed by RT-FTIR using a
JASCO FTIR 6600 (JASCO France, Lisses, France), so it was possible to determine the final
conversion of reactive functions and to calculate the polymerization rate of each kinetic.
Acrylate functions in thick and thin samples show peaks towards 6160 cm−1 and 1630 cm−1,
respectively, and the epoxide functions show peaks around 3600 cm−1 and 790 cm−1 for
the thick and thin samples, respectively.

2.5. Redox Potentials: Electrochemical Properties

Redox potentials of copper derivatives were determined in DCM by cyclic voltam-
metry using tetrabutylammonium hexafluorophosphate as the supporting electrolyte (po-
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tentials vs. saturated calomel electrode (SCE)). Free energy change (ΔGet) for an electron
transfer reaction was calculated from Equation (1) [109], where Eox, Ered, E* and C repre-
sent the oxidation potential of the electron donor, the reduction potential of the electron
acceptor, the excited-state energy level (determined from fluorescence experiments) and
the coulombic term for the initially formed ion pair, respectively. Here, C is neglected as is
usually the case for polar solvents.

ΔGet = Eox − Ered − E* + C (1)

2.6. UV-Visible Absorption, Steady-State Photolysis and Luminescence Experiments

Acquisition conditions have been detailed elsewhere [13,92,100].

2.7. Computational Procedure

Computational conditions have been detailed elsewhere [13,92,100,110,111]. Simu-
lated absorption spectra of copper complexes were obtained by time-dependent density
functional theory at the MPW1PW91/6-31G* level of theory on the relaxed geometries
calculated at the UB3LYP/6-31G* level of theory.

2.8. Photocomposite Access Using a Near-UV Conveyor

Photocomposite materials were obtained using a Dymax-UV conveyor at 395 nm.
Firstly, photosensitive resins were deposited on the glass fibers (reinforcement), then, this
mixture was cured using an LED conveyor @395 nm (I = 4 W·cm−2). Distance between the
belt and the LED was fixed to 15 mm, and the belt speed was fixed at 2 m/min.

2.9. Direct Laser Write (DLW) Experiment

The photosensitive formulation was deposited on a glass slide and 3D patterns were
obtained under air using a computer-controlled diode laser at 405 nm (spot size = 50 μm).
Analysis of the 3D patterns was carried out using a numerical optical microscope (DSX-
HRSU from OLYMPUS Corporation, Rungis, France) [112].

3. Results

Light-absorption properties, initiation ability and applications (photocomposite syn-
thesis and direct laser write) of the investigated copper complexes will be studied in
this section.

3.1. Synthetic Routes to Copper Complexes Cu1 and Cu2

Copper complexes bearing a pyridine-based chelate ligand showed excellent pho-
tochemical properties for photocatalysis processes, such as a high-oxidation potential in
the excited state [96–99], a long-excited-state lifetime, high-emission quantum yields and
high-absorption properties in the UV-visible region. In this work, two new copper com-
plexes have been developed, allowing, by the convenient choice of the ligands, a shift in
the absorption properties in the visible range, while maintaining high efficiency.

To allow such a shift of the absorption properties towards the visible, two bipyridine
ligands were synthesized starting from a chalcone. Structures of these chalcones and,
therefore, of the corresponding ligands have been selected in order to induce a significant
shift in the absorption spectrum of the copper complexes towards the visible range.

For the synthesis of the two chalcones, a Claisen-Schmidt condensation reaction
under basic conditions between 2-acetylpyridine A1 or 2-acetyl-6-methylpyridine A2 and
aldehyde A3 was carried out (See Scheme 1) [113–125].

These two chalcones engage in a cyclization reaction with β-aminocrotonitrile, al-
lowing the ligands to be formed. This reaction and its corresponding mechanism were
described in the literature in 1992 by Masaki Matsui [105,106].

As shown in Scheme 2, the mechanism proposed by Masaki Matsui involves the forma-
tion of two (L1 or L2) ligands. β-Aminocrotononitrile can exist as amino (1) and imino (2)
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isomers in solution. A Michael addition of thae carbanion of imino isomer 3 to C1 or C2 can
give intermediate 4, which, after an intramolecular cyclization and dehydration reaction,
can provide intermediate 6. At room temperature, dehydrogenation of 6 can give 7.

Scheme 1. Synthesis and chemical structures of 2-carbonylpyridine-based chalcones.

Scheme 2. Probable mechanism described by Masaki Matsui.

Starting from the conditions described by Masaki Matsui, the ligands were indeed
obtained. The synthesis conditions were then optimized by using reduced quantities of
solvent, base and β-aminocrotonitrile, and with a simplified reaction treatment due to the
precipitation of the ligand at the end of the reaction, while maintaining a good yield. The
optimized synthesis of the ligands is detailed in the synthetic procedure detailed above.

Heteroleptic copper complexes bearing a pyridine-based chelate ligand and a diphos-
phine ligand, such as 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (or Xantphos) and
bis[2-(diphenylphosphino)phenyl]ether (or DPEphos), have previously been reported in the
literature. In this work, this second ligand was replaced by a bisisonitrile ligand, namely
bis(2-isocyanophenyl)phenylphosphonate. Indeed, as previously mentioned in a study
reported by Matthias Knorn [107], copper complexes bearing this ligand showed a higher
photocatalytic activity than their counterpart comprising a bisphosphine ligand. The lower
activity of copper complexes comprising bisphosphine ligands can be assigned to the
tendency of heteroleptic complexes to form an equilibrium with their homoleptic forms
in solution [108], especially for heteroleptic copper complexes combining biphosphine
and phenanthroline ligands. In contrast, in the case of the bisisonitrile ligand, studies
have revealed the low ability of heteroleptic complexes to undergo ligand exchanges. The
ligand was synthesized following the procedure described in the literature. Using these
two ligands, the pyridine ligands and the bisisonitrile ligand in a one-step complexation
reaction, the two desired copper complexes were obtained.

3.2. UV-Visible Absorption Spectra of Cu1 and Cu2

Ground-state absorption spectra of the new studied copper derivatives were de-
termined in DCM and the results are presented in Figure 3. Extinction coefficients at
different emission wavelengths used in photopolymerization experiments are reported
in Table 1. New complexes are characterized by a broad absorption band, which ex-
tends between 380 nm and 650 nm, and high-extinction coefficients in the blue region,
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e.g., ε = 7570 M−1·cm−1, 7040 M−1·cm−1 @400 nm for Cu1 and Cu2, respectively. These
compounds also have high-extinction coefficients at the emission wavelengths of LEDs
(at 405 nm and 455 nm) used in different experiments achieved in this work, for exam-
ple, ε@405nm = 8460 and 7950 M−1·cm−1 for Cu1 and Cu2, respectively. Remarkably, a
bathochromic shift in the absorption spectra of Cu2 was observed compared to that of Cu1.
This effect could be related to the presence of a methyl group, which is considered as an
electron-donating group (inductive effect), on the pyridine ligands of Cu2 (λmax = 445 nm
for Cu1 and 441 nm for Cu2). This difference could also be explained by the optimized ge-
ometries, as well as the frontier orbitals (highest occupied molecular orbital—HOMO—and
lowest unoccupied molecular orbital—LUMO), which are shown in Figure 4.
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Figure 3. UV-visible absorption spectra of (1) Cu1 and (2) Cu2 in DCM.

Table 1. Maximum absorption wavelengths (λmax), extinction coefficients at λmax, and molar extinc-
tion coefficients for the investigated copper complexes at different emission wavelengths for different
LEDs used.

λmax

(nm)
εmax

(M−1·cm−1)
ε375nm

(M−1·cm−1)
ε405nm

(M−1·cm−1)
ε455nm

(M−1·cm−1)

Cu1 445 14,000 7150 8460 13,600
Cu2 441 12,700 5760 7950 11,740

HOMO LUMO

Figure 4. HOMO and LUMO for Cu1 and Cu2 at the UB3LYP/6–31G* level.
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3.3. Photopolymerization Experiments

3.3.1. Free Radical Photopolymerization Using TA as a Benchmark Monomer

Due to their good light-absorption properties in the visible range, copper complexes
were tested as photoinitiators for the FRP of acrylate-based monomers upon exposure to
LEDs at 405 nm (I = 110 mW·cm−2) and 455 nm (I = 75 mW·cm−2).

In fact, photoinitiators (0.1% or 0.2%) were dissolved and mixed into the TA acrylate
monomer in combination with Iod salt (1%) in order to make two-component photoini-
tiating systems, on the one hand, and in combination with Iod/amine (1%/1% w/w) to
form three-component photoinitiating systems, on the other hand. Interestingly, these
dyes exhibit excellent free radical photopolymerization conversions in thick and thin sam-
ples. The related results are gathered in Figure 5 and the data are summarized in Table 2.
Remarkably, copper complexes alone, Iod and amine alone cannot polymerize the sam-
ple. Iod salt and amine are used as co-initiators in this work because they do not absorb
visible light. It is important to introduce the dyes (i.e., the copper complexes) into the
photosensitive formulations in order to obtain a good light absorption at 405 nm and 455
nm. The obtained results using copper derivatives in two-component PISs showed that
Cu2 was more efficient than Cu1 for the FRP of TA using different PI percentages, e.g.,
FC ~ 64% for Cu1/Iod (0.1%/1% w/w) vs. 70% for Cu2/Iod (0.1%/1% w/w) (Figure 5A
curve 1 vs. 2), and FC ~ 62% for Cu1/Iod (0.2%/1% w/w) vs. 85% for Cu2/Iod (0.2%/1%
w/w) (Figure 5A curve 3 vs. 4).
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Figure 5. Free radical photopolymerization profiles of acrylate functions vs. irradiation time
in: (A) thick samples @455 nm, (B) thin sample @455 nm, (C) thick sample @405 nm and (D) thin sam-
ple @405 nm: (1) Cu1/Iod (0.1%/1% w/w), (2) Cu2/Iod (0.1%/1% w/w), (3) Cu1/Iod (0.2%/1% w/w),
(4) Cu2/Iod (0.2%/1% w/w), (5) Cu1/Iod/EDB (0.1%/1%/1% w/w/w), (6) Cu2/Iod/EDB (0.1%/1%/1%
w/w/w), (7) Cu1/Iod/NPG (0.1%/1%/1% w/w/w), (8) Cu2/Iod/NPG (0.1%/1%/1% w/w/w),
(9) Iod/EDB (1%/1% w/w) and (10) Iod/NPG (1%/1% w/w). Irradiation starts at t = 10 s.

Furthermore, Iod/NPG couple showed a weak polymerization initiation ability upon
exposure to LEDs at 405 nm and 455 nm after 60 s (e.g., FC ~ 10% @405 nm). Inter-
estingly, a greater efficiency was observed when NPG was incorporated into the for-
mulation. Compared to their two-component system analogues, the different three-
component PISs showed a better final conversion of reactive functions and a higher
polymerization rate upon irradiation with LEDs at 405 nm or 455 nm (for example, an
FC up to 86% is obtained with Cu1/Iod/NPG (0.1%/1%/1% w/w/w), and 88% using
Cu2/Iod/NPG (0.1%/1%/1% w/w/w) with a LED @455 nm).
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Table 2. Final reactive functions conversion (FC) for TA monomer using two or three-component
PISs upon exposure at different wavelengths (LED at 405 and 455 nm).

At 405 nm At 455 nm

Thick Sample Thin Sample Thick Sample Thin Sample

Cu1/Iod 56% a 62% b 36% a 28% b 64% a 64% b 26% a 26% b

Cu2/Iod 64% a 67% b 45% a 33% b 70% a 87% b 48% a 46% b

Cu1/Iod/amine 57% c 80% d 58% c 65% d 69% c 85% d 59% c 65% d

Cu2/Iod/amine 82% c 83% d 65% c 74% d 71% c 87% d 64% c 65% d

a: Cu/Iod (0.1%/1% w/w), b: Cu/Iod (0.2%/1% w/w), c: Cu/Iod/EDB (0.1%/1%/1% w/w/w), d: Cu/Iod/NPG
(0.1%/1%/1% w/w/w).

3.3.2. Cationic Polymerization and IPN Synthesis

Typical epoxide function conversion-time profiles for Cu1 and Cu2-based photoinitiat-
ing systems are given in Figure 6 and the data are gathered in Table 3. In fact, the cationic
polymerization of the epoxide functions was carried out under air and upon irradiation
at 405 nm. Indeed, the cationic polymerization is insensitive to oxygen. As expected,
copper complexes alone and the additives alone were not able to initiate the CP in these
irradiation conditions. The addition of Iod salt or Iod/NVK into the formulation containing
the PI induced good photopolymerization profiles, i.e., the combination Cu/Iod/NVK
(0.1%/2%/3% w/w/w) is very efficient to produce polymer materials in terms of Rp and
final epoxy function conversion compared to Cu/Iod (0.1%/1% w/w), e.g., (FC ~ 50% for
Cu1/Iod/NVK (0.1%/2%/3% w/w/w) vs. 27% for Cu1/Iod (0.1%/1% w/w)). The con-
sumption of epoxide functions was accompanied by the formation of a polyether network
(appearance of peak at ~1080 cm−1), characterizing the obtained polymer.
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Figure 6. (A) Cationic polymerization (CP) profiles of epoxy functions (thin sample) vs. irradiation
time upon exposure to LED at 405 nm: (1) Cu1/Iod (0.1%/1% w/w), (2) Cu2/Iod (0.1%/1% w/w),
(3) Cu1/Iod/NVK (0.1%/2%/3% w/w/w) and (4) Cu2/Iod/NVK (0.1%/2%/3% w/w/w). (B) IR
spectra recorded before and after polymerization. Irradiation starts at t = 10 s.

Table 3. Final reactive function conversions for EPOX monomer using two and three-component PISs
upon irradiation at 405 nm during the polymerization of thin samples.

Cu/Iod (0.1%/1% w/w) Cu/Iod/NVK (0.1%/2%/3% w/w/w)

Cu1 27% 49%
Cu2 16% 45%

On the other hand, IPNs syntheses were also carried out in this work and polymer-
ization tests were performed in thick and thin samples using LEDs at 405 nm and 455 nm
(See Tables 4 and 5). Photopolymerization profiles for the IPN formation are presented
in Figure 7. For example, the acrylic network formation was very fast with a high final
conversion (98%) for Cu2/Iod/NPG (0.1%/1%/1% w/w/w) in TA/EPOX (50%/50%) upon
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irradiation at 455 nm, and the formation of the epoxy network was also efficient (high final
conversion and Rp) using this system (FC ~ 55%).

Table 4. Final conversions of acrylate and epoxides functions for the IPN synthesis of TA/EPOX
blend using Cu1 (or Cu2)/Iod/NPG (0.1%/1%/1%/ w/w/w) as PIS upon exposure to visible light
at 405 nm.

IPN Synthesis of TA/EPOX Blend
Performed in Thick Sample at 405 nm

IPN Synthesis of TA/EPOX Blend
Performed in Thin Sample at 405 nm

30%/70% 50%/50% 30%/70% 30%/70% 50%/50% 70%/30%
Cu1 90%/25% 90%/15% 93%/27% 88%/25% 87%/31% 84%/47%
Cu2 99%/30% 98%/20% 96%/38% 92%/22% 90%/35% 80%/32%

Table 5. Final conversions of acrylate and epoxides functions for the IPN synthesis of TA/EPOX
blend using Cu1 (or Cu2)/Iod/NPG (0.1%/1%/1%/ w/w/w) as PIS upon exposure to visible light
at 455 nm.

IPN Synthesis of TA/EPOX Blend
Performed in Thick Sample @455 nm

IPN Synthesis of TA/EPOX Blend
Performed in Thin Sample @455 nm

30%/70% 50%/50% 30%/70% 30%/70% 50%/50% 70%/30%
Cu1 90%/30% 90%/23% 90%/41% 90%/15% 90%/25% 90%/15%
Cu2 100%/38% 98%/55% 99%/51% 98%/22% 99%/30% 98%/22%
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Figure 7. Photopolymerization profiles of acrylate functions (A) (thick sample), (B) (thin sample))
upon irradiation at 455 nm, and epoxide function ((C) (thick sample), (D) (thin sample)) upon
exposure to LED at 405 nm of TA/EPOX using Cu1/Iod/NPG (0.1%/1%/1% w/w/w): (1) 30%/70%,
(2) 50%/50%, (3) 70%/30%, and Cu2/Iod/NPG (0.1%/1%/1% w/w/w): (4) 30%/70%, (5) 50%/50%,
(6) 70%/30%. The irradiation starts at t = 10 s.

3.4. Photocomposites Synthesis

Nowadays, many of our modern technologies require materials with enhanced proper-
ties. This is particularly true for materials used in aerospace, underwater and transportation
applications. For example, for aeronautical applications, engineers research materials with
properties of low density, rigid, solid, impact resistance, temperature and pressure resis-
tance and obviously materials that do not easily corrode. For this purpose, composite
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materials have been used for different applications. By definition, a composite material
is composed of a least two components that results in better properties than those of the
individual components used alone: matrix (monomer blends) and reinforcement. The main
advantages of composite materials are their high stiffness, strength and low density. The
introduction of light for the synthesis of photocomposites will make the manufacture of
these materials more ecological.

In this study, the matrix is based on acrylic monomers, such as TMPTA or TA, and the
second component (reinforcement) is based on glass fibers. Firstly, the acrylic resins were
deposed on the reinforcement (50%/50% w/w) and the mixtures were irradiated using
an LED conveyor at 395 nm. Interestingly, a very fast polymerization on the surface and
the bottom was observed with tack-free surfaces, after one pass only using one layer of
glass fibers (1 mm). Increasing the reinforcement thickness by adding several layers, the
polymerization on the surface is always fast and takes place after one pass, but the curing
on the bottom is more complicated and will be done after several passes using Cu1 or
Cu2/Iod/NPG (0.1%/1%/1% w/w/w) as PISs. The curing photocomposite results are
depicted in Figure 8 and Table 6.

Before
Irradiation

After
Irradiation

(1)

(2)

(3)

(5)

Thickness

1.6 mm

2.9 mm

4.2 mm

7.1 mm

(7)

(8)

(6) 6.5 mm

5.25 mm

5.1 mm 

Figure 8. Free radical photopolymerization for the photocomposite synthesis upon near-UV irra-
diation at 395 nm (4 W·cm−2) using Cu2/Iod/NPG (0.1%/1%/1% w/w/w) in TA [(1)–(4)], (5))
Cu2/Iod/NPG (0.1%/1%/1% w/w/w) in TMPTA, (6) Cu1/Iod/NPG (0.1%/1%/1% w/w/w) in
TMPTA and (7) Cu1/Iod/NPG (0.1%/1%/1% w/w/w) in TA.

3.5. Direct Laser Write (DLW)

The new copper complexes were tested in some direct laser write experiments for
the FRP of TMPTA or TA using a laser diode at 405 nm (spot size: 50 μm). The obtained
3D patterns were carried out under air and using different PISs based on Cu1/Iod/TMA,
Cu2/Iod/TMA in TA or TMPTA (Figure 9). Due to their high ability to initiate the FRP
of acrylates, these systems were able to generate high-spatial-resolution 3D patterns with
a great thickness of curing (~2500 μm) in the irradiated area. As such, 3D patterns were
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generated with very short irradiation times (2–3 min) and they were characterized by
numerical microscopy.

Table 6. Photocomposite synthesis results using TA as acrylic monomer (or TMPTA) and number of
passes to reach the tack-free character on the surfaces.

Thickness
Number of Passes to Reach

Tack-Free Character on the Surface
Number of Passes to Reach

Tack-Free Character on the Bottom

Cu2/Iod/NPG 1.6 mm 1 1
Cu2/Iod/NPG 2.9 mm 1 2
Cu2/Iod/NPG 4.2 mm 1 6

Cu2/Iod/NPG (TMPTA) 7.1 mm 1 25
Cu2/Iod/NPG 6.5 mm 1 30
Cu1/Iod/NPG 5.25 mm 1 40

Cu1/Iod/NPG (TMPTA) 5.1 mm 1 45

(A) (B)

(C) (D)

Figure 9. 3D patterns produced by free radical photopolymerization of acrylate functions
(TA or TMPTA) using a laser diode at 405 nm and their characterization by numerical op-
tical microscopy: (A) Cu2/Iod/TMA (0.057%/1%/0.46% w/w/w) in TA, (B) Cu1/Iod/TMA
(0.058%/0.506%/0.44% w/w/w) in TMPTA; (C) Cu2/Iod/TMA (0.048%/0.65%/0.259% w/w/w) in
TA and (D) Cu1/Iod/TMA (0.05%/0.5%/0.305% w/w/w).

3.6. Mechanical Properties: Tensile Test Measurements

The tensile strength of IPNs synthesized using different compositions of the TA/EPOX
mixture are presented in Table 7. The results show that with the increase in the percentage
of acrylic monomer, the tensile strength increases, which may be due to the rigid character
of the acrylates (e.g., 7.2 MPa for Cu2/Iod/NPG in TA/EPOX (30%/70%) vs. 37.2 MPa for
the same system in TA/EPOX (70%/30%)).

Table 7. The tensile strength of IPN materials as a result of hybrid polymerization of the TA/EPOX
mixture using Cu/Iod/NPG (0.1%/1%/1% w/w/w) as a photoinitiating system.

Tensile Strength
[MPa]

0.1%PA/Iod/NPG
TA/EPOX (30% 70%)

@ 395 nm

0.1% PA/Iod/NPG
TA/EPOX (50% 50%)

@ 395 nm

0.1% PA/Iod/NPG
TA/EPOX (70% 30%)

@ 395 nm

Cu1 6.5 7.3 34.3

Cu 2 7.2 26.3 37.2
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4. Discussion

In order to explain the initiating ability of the organometallic complexes, their pho-
tochemical and photophysical properties were studied using different characterization
techniques, allowing for the characterization of the associated chemical mechanisms.

4.1. Steady-State Photolysis of the Investigated Compounds

Photolyses of Cu1 and Cu2 dyes in DCM were investigated upon irradiation at 375 nm
and 405 nm, and the related results are shown in Figure 10. First of all, no photolysis
occurred for Cu1 and Cu2 alone (0% consumption) upon irradiation at 375 nm and 405 nm,
but the incorporation of the iodonium salt into the photosensitive solution could promote
the degradation of the dyes, so that a strong decrease in the absorbance band intensity was
observed by increasing the irradiation time, e.g., consumption ~ 80% @375 nm and 82% for
Cu2/Iod at 375 nm and 405 nm, respectively (Figure 11B). It is important to note that the
photolysis of Cu1 in the presence of Iod salt involved the formation of a photoproduct after
60 s of irradiation in the solution, which had an absorption band more shifted in the visible
(bathochromic effect) spectrum, then this photoproduct degrades under the effect of the
irradiation (Figure 10A).
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Figure 10. Photolysis experiments of (A) Cu1 with Iod salt (10−2 M), (B) Cu2 with Iod salt (10−2 M)
and (C) Cu2/Iod/NPG (10−2 M) upon exposure to LED at 405 nm. (D) Consumption percentage of
Cu2: (1) alone, (2) with Iod, (3) with Iod/NPG.

This difference between these two consumption percentages may be due to the high
light-absorption ability of Cu2 at 405 nm, as well as the highest intensity of the LED at
405 nm (110 mW·cm−2), compared to that at 375 nm (75 mW·cm−2). Furthermore, in the
case of three-component PISs, the consumption of Cu2 was lower compared to that of the
two-component Cu2/Iod system. It can be confidently assigned to the regeneration of Cu2
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in the three-component system due to the presence of the sacrificial amine or the formation
of new photoproducts (%consumption ~ 31%).
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Figure 11. (A) Photolysis of Cu2 with Iod (10−2 M) upon irradiation @375 nm. (B) Consumption of
Cu2 with irradiation @375 nm and 405 nm.

4.2. Photoluminescence and Electrochemical Properties

Fluorescence emission spectra, fluorescence quenching (measured using a JASCO
FP-6200 spectrofluorimeter, Lisses, France) and the oxidation potential (measured in DCM
by cyclic voltammetry, OrigaLys, Rillieux-la-Pape, France) results of the different Cu
derivatives are gathered in Figure 12 and Table 8. The excited-state energy was calculated
from the crossing point of the emission and absorption spectra. Using these different values,
the free-energy change (ΔG) could be calculated; this parameter reflects the reactivity
between Cu and Iod. In fact, a slight decrease in the fluorescence intensity was observed for
Cu1/Iod, but this emission spectra showed a strong decrease for Cu2 upon addition of Iod.
These behaviors explain the high reactivity of Cu2/Iod compared to Cu1/Iod e.g., φ = 0.55
for Cu1/Iod vs. 0.74 for Cu2/Iod. In addition, the ΔG value is negative for both complexes,
so that the photo-oxidation interaction Cu1 (or Cu2)/Iod is favorable in both cases, with a
superiority observed for Cu2 (ΔG = −0.74 and 0.62 eV for Cu2 and Cu1, respectively). It,
therefore, explains the high-photoinitiation ability of Cu2 compared to Cu1.

Finally, the initiation ability of the new copper complexes could be explained by differ-
ent characterization techniques, which allowed us to propose a chemical photoinitiation
mechanism. Firstly, Cu is excited upon irradiation at 405 or 455 nm and interacts with Iod
to generate aryl radical (Ar•) and radical Cu•+ [r1–r2]. A charge transfer complex CTC can
be formed after adding NPG into the photosensitive formulation. This complex is able to
produce aryl radicals as active species for the radical photopolymerization [r3–r4]. Then,
1,3Cu could react with NPG and generate two radicals (NPG-H

•, Cu-H•) [r5], and the first
radical can undergo a decarboxylation and produce active radicals (NPG(-H,-CO2)

•) [r6].
This radical can also lead to the formation of two active species after interaction with Iod
salt (NPG(-H,-CO2)

+, Ar•) [r7]. Lastly, copper complex derivatives are regenerated [r8–r9]
(See Scheme 3).
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Figure 12. (A) Fluorescence quenching of Cu2 by Iod salt, (B) ES1 determination for Cu2, (C) Stern–
Volmer coefficient determination of Cu2 quenched by Iod and (D) oxidation potential determination
of Cu2.

Table 8. Parameters characterizing the chemical mechanisms between Cu1 (or Cu2) and Iod. For Iod,
a reduction potential of −0.7 eV was used for the ΔGet calculations.

Eox

(V)
ES1

(eV)
ΔG(Cu/Iod)

(eV)
KSV(Cu/Iod) Φ(Cu/Iod)

Eox

(V)

Cu1 1.07 2.34 −0.62 13.58 0.55 Cu1
Cu2 0.97 2.41 −0.74 61.83 0.74 Cu2

Scheme 3. Proposed chemical mechanisms.

5. Conclusions

In the present paper, new copper complexes were synthesized and tested as photoini-
tiators. These compounds have strong visible-light absorption and are able to initiate both
the free radical photopolymerization and cationic polymerization. IPN synthesis through
the simultaneous polymerization of acrylate/epoxy monomer blends was performed under
air upon irradiation at 405 nm and 455 nm, using a very low quantity of copper complex,
in two or three-component PIS. Cu2 showed a very interesting photoinitiation capacity
compared to Cu1 in terms of final conversions of reactive functions and polymerization
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rates. The high reactivity of these compounds was demonstrated through some direct laser
write experiments, where high-spatial-resolution 3D patterns were obtained. In addition,
the synthesis of thick glass fiber photocomposites was possible. This work paves the way
for the development of new organometallic photoinitiators.
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37. Chiulan, I.; Heggset, E.B.; Voicu, Ş.I.; Chinga-Carrasco, G. Photopolymerization of Bio-Based Polymers in a Biomedical Engineer-
ing Perspective. Biomacromolecules 2021, 22, 1795–1814. [CrossRef]

38. Elisseeff, J.; Anseth, K.; Sims, D.; McIntosh, W.; Randolph, M.; Langer, R. Transdermal Photopolymerization for Minimally
Invasive Implantation. Proc. Natl. Acad. Sci. USA 1999, 96, 3104–3107. [CrossRef]
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Abstract: Three-dimensional printing at the micro-/nanoscale represents a new challenge in research
and development to achieve direct printing down to nanometre-sized objects. Here, FluidFM, a
combination of microfluidics with atomic force microscopy, offers attractive options to fabricate
hierarchical polymer structures at different scales. However, little is known about the effect of the
substrate on the printed structures and the integration of (bio)functional groups into the polymer inks.
In this study, we printed micro-/nanostructures on surfaces with different wetting properties, and
integrated molecules with different functional groups (rhodamine as a fluorescent label and biotin as a
binding tag for proteins) into the base polymer ink. The substrate wetting properties strongly affected
the printing results, in that the lateral feature sizes increased with increasing substrate hydrophilicity.
Overall, ink modification only caused minor changes in the stiffness of the printed structures. This
shows the generality of the approach, as significant changes in the mechanical properties on chemical
functionalization could be confounders in bioapplications. The retained functionality of the obtained
structures after UV curing was demonstrated by selective binding of streptavidin to the printed
structures. The ability to incorporate binding tags to achieve specific interactions between relevant
proteins and the fabricated micro-/nanostructures, without compromising the mechanical properties,
paves a way for numerous bio and sensing applications. Additional flexibility is obtained by tuning
the substrate properties for feature size control, and the option to obtain functionalized printed
structures without post-processing procedures will contribute to the development of 3D printing for
biological applications, using FluidFM and similar dispensing techniques.

Keywords: FluidFM; 3D printing; microstructures; nanostructures; biofunctionalization; mechanical
properties; scanning probe lithography

1. Introduction

Three-dimensional printing has become a versatile tool for printing biomimetic scaf-
folds and for other biomedical applications [1]. Sophisticated lithographically generated
microstructures are, in particular, used for probing or manipulating cells at the single-cell
level, for elucidating cell biology and mechanics [2,3], or influencing stem cell fate [4]. While,
in particular, optical methods, such as direct laser writing (DLW) and similar techniques,
have made impressive progress [5], the bioactive functionalization of such microstructures
remains challenging [6].

The surrounding dynamic micro/nano environment directly influences cell behaviour.
In particular, the topography, stiffness, bioactive moieties, and chemical components
of the surfaces regulate the response of the cells [7–9]. We have previously found that
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nanostructures, together with surface modification, could effectively control the adhesion,
spreading, and activation of human blood platelets [10–12]. Importantly, surfaces have
been developed to mimic the structure of the extracellular matrix (ECM) [13,14]. However,
these structures are almost static, and do not emulate the dynamicity and function of the
ECM in vivo. To overcome this limitation, shape-memory polymers (SMPs), in the form
of patterns, fibres, porous scaffolds, and microspheres, have been developed to mimic
dynamic changes in the ECM structure, both in vitro and in vivo [15]. The SMPs arise
from materials with unique functions that regulate cell behaviours and promote tissue
growth. The adjustment of structured surfaces, as well as chemical components, can further
optimize contact environments for cell response/sensing and tissue regeneration.

While methods for the fabrication of microstructures have been well established, avail-
able technology for the production of nanostructured surfaces is, to date, still limited. One
recent development in the 3D printing of micro-/nanostructures is the use of nano dispens-
ing techniques, such as FluidFM. FluidFM is based on the combination of microfluidics
with atomic force microscopy (AFM), in which a hollow cantilever, with an aperture at the
tip apex, can be used for precisely localized liquid dispensing [16]. Its use was quickly
extended to nanolithography, e.g., for nanoparticles [17] and biomimetic membranes [18].
Depending on the size of the tip aperture, micro-/nanostructures can be printed. With
this technique, hierarchical structures, at multidimensional scales, could be fabricated
using the commercially available UV-curable adhesive Loctite [19,20]. This is a highly
viscous ink, composed of different methacrylate esters, which are in the liquid phase and
undergo cross-linking polymerization upon exposure to UV [21]. As a direct-write method,
this approach is highly versatile in pattern and structure formation, and offers excellent
resolution down to the tens of nanometres scale. However, little is known about the effect
of substrate surface properties on the resulting printing structures, and the integration of
functional groups into the printed structures to enable specific biological applications. As
of now, further biofunctionalization of such structures is still lacking.

Here, we demonstrate that the substrate surface properties directly affect the geome-
tries of the printed structures. We further show the feasibility of introducing specific
protein coupling sites into the printed microstructures (Figure 1). This is conducted by
admixing biotin moiety-bearing amphiphilic molecules into the base adhesive ink, which
are then presented on the micro-/nanostructured surfaces after curing. As no chemical
post-functionalization is needed, the approach is a facile route to introduce highly specific
protein binding into the polymer structures, with the possibility of selecting proteins of
interest from the extensive library of biotinylated proteins, or using sandwich approaches
to add non-labelled proteins via antibody capture or DNA-directed immobilization with
biotinylated oligonucleotides [22,23].
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Figure 1. Ink preparation and printing. (a) Molecular structures of the phospholipids used for
biofunctionalization. (b) Picture of the functionalized adhesive inks. (c) Scheme of functionalization
and printing process.

2. Materials and Methods

2.1. Materials

The UV-curable adhesive Loctite 3491 (Henkel, Düsseldorf, Germany) was used as the
base for all inks. Phospholipids used as functional admixtures were 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(cap biotinyl) (biotin-PE) at a concentration of 10 mg/mL in
chloroform, and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine
B sulfonyl) (Rho-PE) at a concentration of 1 mg/mL in chloroform, both from Avanti Polar
Lipids, Alabaster, AL, USA. Functionalized inks were obtained by admixing either 10 vol%
of the biotin-PE in chloroform solution (for the biofunctionalization ink) or 10 vol% of
the Rho-PE in chloroform solution (for the fluorescent ink) with the base adhesive ink. A
homogeneous mixture was obtained by vortexing the solution for 1–2 min.

2.2. FluidFM Printing

For printing of the adhesive patterns on glass or silicon substrates, the following
two FluidFM systems were used: a FlexAFM (Nanosurf, Liestal, Switzerland) system and
a BioAFM (JPK, Berlin, Germany) system. Experiments were performed with FluidFM
nanopipettes (Cytosurge, Opfikon, Switzerland), with a nominal cantilever spring constant
of 2 N/m and a 300 nm diameter nozzle/aperture at its probe end.

After the nanopipette was mounted and the reservoir was filled with 2 μL of the
respective inks, 1000 mbar pressure was applied to the reservoir for 1–2 min to make the ink
flow through the microchannel to the end of the probe aperture. Once the ink reached the
nozzle, the ink flowed to the substrate without the need for further application of pressure.
During patterning, the applied force was typically set between 10 and 20 nN. To control the
feature sizes, the contact time during printing was varied between 0.5 and 5 s for nanodots
whereas the writing speed was varied between 20 and 60 μm/s to print lines.

2.3. Characterization of Printed Structures with Atomic Force Microscopy (AFM)

The obtained structures were characterized by AFM, performed on a Dimension Icon
system (Bruker, Berlin, Germany) in tapping mode. Tap300-G probes (Budget Sensors, Sofia,
Bulgaria) with a resonance frequency of 330 kHz and nominal spring constant of 42 N/m
were used. The indentation maps from which Young’s modulus values were extracted
were obtained on a JPK BioAFM system (Bruker, Berlin, Germany), using BL-AC40TS
probes with a radius of 8 nm (Asylum Research, Santa Barbara, CA, USA), with a resonance
frequency of 70 Hz and nominal force constant of 2 N/m. A total of 625 force curves were
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analysed from areas of 2.5 × 2.5 μm2, with the printed feature located at the centre of
the scanning area. The data obtained from the measurements were processed by fitting
the force curves to the Hertz model, by selecting tip shape as pyramidical and Poisson’s
ratio of 0.5. The data were processed by JPKSPM data processing software and analysed
using SigmaPlot (Sysstat Software GmbH, Erkrath, Germany). Measurements were also
performed over a plain glass surface to obtain control values.

2.4. Protein Binding

To prevent nonspecific binding, the samples were first incubated with a 10% bovine
serum albumin (BSA) solution (Sigma-Aldrich, Darmstadt Germany) for 30 min at room
temperature (RT). Then, biofunctionalization was demonstrated by incubating the sam-
ples with 5 μg/mL streptavidin–FITC solution (Thermo Fisher, Waltham, MA, USA) in
phosphate-buffered saline (PBS) for 30 min.

2.5. Optical Microscopy

Optical microscopy was performed on a Nikon Eclipse Ti2 inverted fluorescence
microscope (Nikon, Düsseldorf, Germany). A Texas-red filter (Nikon, Germany) was
used as a light filter, and a green fluorescent protein (GFP)-compatible filter was used for
visualization of biotin–streptavidin bindings.

2.6. Substrate Functionalization

To assess the influence of substrate wettability on the patterning feature dimensions
and spreading behavior, several glass substrates were functionalized. Prior to function-
alization procedures, all coverslips were sonicated in acetone, ethanol, and DI water,
subsequently. Hydrophobic substrates (S1) were prepared by exposing coverslips to oxy-
gen plasma (200 W, 50 sccm oxygen flow, in an Atto system (Diener Electronics, Ebhausen,
Germany) for 5 min, and subsequently immersing them in 7-octenyltrichlorosilane (OTS)
(10 vol% in toluene) for 24 h. Medium hydrophilic surfaces (S2) were used directly after
cleaning, without any surface functionalization. Another type of medium hydrophilic
surfaces (S3) were induced by exposing to oxygen plasma for 5 min prior to immersing
in (3-glycidyloxypropyl)- trimethoxysilan (GPTMS) (2 vol% in toluene) for 4 h. Highly
hydrophilic substrates (S4) were prepared by exposure to oxygen plasma for 5 min, without
any further coating.

2.7. Characterization of Substrate Wettability

The different substrates were characterized by contact angle measurements on an OCA-
20 system (DataPhysics Instruments GmbH, Filderstadt, Germany). The water contact angle
(WCA) for each substrate was measured by the sessile drop method. Measurements were
performed at room temperature (RT), with sample droplets of 3.0 μL volume deposited at a
dosing rate of 3.0 μL/s. The contact angles were determined with the onboard software.
For each substrate, 3 measurements were performed at different locations.

2.8. Statistical Analysis

Statistical analyses of the data were performed using SigmaPlot (version 14.0). For
the printed dot features’ height measurements, 9 dots were imaged with AFM for each
pulse time and on each surface. The height was then extracted in WSxM [24] from profile
lines through the dots. For the printed line features’ width and height measurements,
averaged profiles from the printed lines AFM images were generated using the y-average
tool in WSxM, and the width and height of the averaged line profiles were measured. The
obtained values for width and height were averaged from 5 printed lines for each surface.
The WCAs were obtained from 3 different locations for each substrate. All error ranges
given in the manuscript are the standard deviation of the respective data points, unless
otherwise noted.
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3. Results

3.1. Printing of Pure Adhesive

Pure adhesive ink, composed of different methacrylate esters, was used to print
different exemplary structures on bare glass, using a nanopipette cantilever with an aperture
size of 300 nm. Different types of patterns, including dots of around 1 μm in diameter,
lines, grids, and squares, can be readily printed (Figure 2 and Figure S1). Filled square
patterns were obtained by drawing lines in close proximity that merged, forming structures
of homogeneous thickness. It has been previously reported that, together with printing
parameters such as pressure, force, and contact time, the printing direction also plays a role
in the size of the printed features [19]. This effect can be observed on the grid (Figure 2b),
where the line thickness varies, depending on its direction.

Figure 2. Basic geometrical patterns obtained with pure adhesive, Loctite. (a) Scheme of printing dots,
lines, and squares as basic geometric patterns. (b) AFM topography images of exemplary printed
structures and (c) corresponding profile sections of the structures at the yellow dashed line in (b).

3.2. Printing with Functionalized Adhesive

3.2.1. Preparation of Functionalized Adhesive Inks

Two types of modified inks, with different functional properties, were prepared for
the experiments, by admixing functionalized phospholipids. For an easy assessment of
miscibility, and to be able to observe the printed structure by fluorescence microscopy, a
fluorescently labelled phospholipid (Rho-PE) was admixed. The resulting mixture turned
out to be homogeneous upon visual inspection (Figure 1a), showing good compatibility
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of the solvents, which is extremely important, as the segregation of components could
clog the FluidFM nanopipette. For the integration of biofunctional molecules into the
adhesive-based patterns, a biotinylated phospholipid (biotin-PE) was admixed. The biotin–
streptavidin complex [25] is widely used in biochemistry research, due to its strong binding
affinity, which is commonly harnessed, e.g., in sensing applications [26].

3.2.2. Patterning on Substrates with Different Wettability

Texture [27], surface chemistry [28], and wettability [29,30] are all known to be relevant
parameters in the interactions of cells, platelets, and other species with biomaterials. Since
surfaces can be chemically modified to achieve the desired biological response, being able
to create adhesive patterns on differently terminated functional group surfaces is of high
interest.

To assess how the biofunctional inks behave when they are patterned on substrates of
different surface chemistry, the biotinylated ink was used to write different features, while
keeping the working parameters constant (Figure 3a,b).

Figure 3. Influence of substrate wettability and chemistry on patterning. (a) Scheme of respective
sample surface chemistry. (b) AFM images of polymer nanodots (left) and lines (right) patterned
(right) on the functionalized substrates, showing increasing hydrophilicity from top to bottom
(indicated by the arrow), written with the same working parameters. (c) Measured water contact
angle for the different substrates. (d) Dot height on the different substrates as a function of the contact
time. (e) Average line profiles showing different spreading behavior depending on the substrate
functionalization.

For this, glass substrates were modified with different functional groups of self-assembled
monolayers (SAMs). Briefly, the surfaces were functionalized by 7-octenyltrichlorosilane (S1),
no treatment (S2), (3-glycidyloxypropyl)-trimethoxysilan (S3), and O2-plasma activation (S4),
inducing hydrophobic (S1), medium hydrophilic (S2,S3), and strongly hydrophilic (S4) proper-
ties, respectively. The substrates were used two days after preparation, and the water contact
angle was measured immediately before patterning (Figures 3c and S2). To achieve compa-
rable patterning, the same working conditions were employed. Nanodots were written,
setting the contact time to 0.5, 2, and 5 s, subsequently, touching the substrate with 20 nN of
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force, and applying no pressure to the reservoir. Nanodots were successfully printed on all
the substrates, and remarkably different heights were obtained, depending on the substrate
treatment, while changes in the pulse time for ink dispensing had much less influence
on the obtained heights (Figure 3d). The strongly hydrophobic 7-octenyltrichlorosilane-
coated substrate (S1) leads to very high (over 200 nm) and confined features, while, on
plasma-activated glass (S4), the dots considerably spread, causing much lower feature
heights (around 40 nm). The differences between the outcomes of the patterns in S2 and
S4 were surprisingly large, considering that they possessed basically the same surface
chemistry, which reveals the importance of the substrate wettability (here, tuned by the
oxygen plasma) in the spreading of the adhesive ink. The nanodot volume was quantified
using the WSxM [24] flooding tool to prove that there were no significant differences in the
amount of ink dispensed onto the different substrates (Figure S3). When considering the
height change with pulse time, a clear increase in height with longer pulse time was only
visible on the more hydrophobic substrates, but, even for these, the trend leveled off with
longer pulse times.

The writing lines on the different SAMs turned out to be more critical, as can be
inferred from Figure 3b,e. In the case of S1, the presence of the hydrophobic hydrocarbon
chains compromised the stability of the features, which dewet and broke into droplets
immediately after being printed. The rest of the line patterns (S2–S4), however, showed
similar behaviour to that observed for the dots, where the highest lines were obtained on
S2, while the spreading behaviour on the plasma-activated sample (S4) resulted in very
low height features. The average values have been gathered in Table 1.

Table 1. Height of adhesive lines printed on differently functionalized substrates.

Substrate Label S1 S2 S3 S4

Functionalization 7-octenyl trichlorosilane None (3-glycidyl oxypropyl)-trimethoxysilan O2 plasma activation

Width * (nm) - ** 300 ± 21 524 ± 26 1457 ± 65

Height (nm) - ** 68 ± 16 32 ± 3 15 ± 1

Aspect ratio *** - 0.23 ± 0.04 0.06 ± 0.01 0.01 ± 0.01

* full width at half maximum (FWHM). ** no continuous line writing was obtained. *** calculated as height/width,
error calculated by error propagation.

3.2.3. Comparison of Mechanical Properties

It has often been shown that the mechanical properties of a substrate influence cell
behaviour [31]. Hence, we assessed the influence of the biofunctionalized adhesive on the
mechanical properties of the printed structures. For this, nanoindentation measurements
over the dot features, from both non-functionalized and functionalized adhesive, were
performed (Figure 4a). The force–distance curves extracted from these measurements were
then analysed with JPK software, where the Young’s modulus was obtained after fitting
the curves with a Hertz model (Figure 4b). The E-modulus values obtained on the func-
tionalized and non-functionalized adhesive, together with the values on the glass surface,
are presented as histograms in Figure 4c. Two peaks of distribution can be observed for
all the ink samples. The measurement on the plain glass acts as a control, to differentiate
the values taken on the dot features from those of the surrounding glass. The indentation
maps show low E-modulus on the polymer structures (Figure 4d, dark area), while the
surrounding glass exhibits a much higher value (Figure 4d, bright area). The distribution
of the E-modulus values in the form of a box plot (Figure 4e) for the control glass and the
inks (after subtracting the values from the glass) shows that on adding the functionality
bearing phospholipids, the mechanical properties of the resulting printed features were
not significantly altered. Although the addition of rhodamine or biotinylated lipids yields
slightly stiffer materials, the obtained values stayed within the expected statistical varia-
tions, displayed as error bars. Additional measurements of Young’s modulus for different
unfunctionalized patterns are given in the Supporting Information (Figure S1).
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Figure 4. Influence of functional admixing on the mechanical properties of printed features deter-
mined by AFM nanoindentation. (a) Schematic of the nanoindentation experiments. (b) Typical
AFM force-distance curve demonstrates the indentation on hard glass (black) to a compliant ink
surface (red). (c) Quantification of Young’s modulus of bare glass and samples with modified inks.
(d) Indentation map for the different composition nanodots (scale bar equals 500 nm for all im-
ages). (e) The Young’s modulus of modified nanodots shows small variation. Statistically significant
difference determined by one-way ANOVA using Dunn’s test ** (p < 0.05).

3.3. Biofunctionalization/Protein Binding

To prove the accessibility of the biotin moieties carried by the admixed phospholipids,
the selective binding of a model protein was demonstrated (Figure 5a). For this purpose,
new samples were prepared, where two functionalized adhesive-based inks were multi-
plexed onto the substrate, in the form of different geometrical micro-/nanostructures. In a
preliminary stability experiment, conducted with non-cured samples, the written structures
were incubated with streptavidin directly after patterning, with no further treatment, other
than blocking the samples with BSA to avoid non-specific binding to the bare substrate
areas. This experiment (Figure S4), showed highly specific streptavidin–biotin binding
onto the functionalized structures, while the structures written with non-functionalized
inks showed no sign of protein binding.
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Figure 5. Biofunctionalization of adhesive-based structures by a model protein. (a) Scheme show-
ing functionalization of the adhesive ink. Microscopy images of the (b) adhesive modified with
rhodamine-PE (first row) and biotinylated adhesive structures (second row), and (c) the same adhe-
sive structures after incubation with fluorescently labelled streptavidin, showing selective binding.
Scale bar equals 40 μm for all images.

In a new, freshly made sample, the molecules were immobilized by curing the adhesive
features under UV light for 5 min, to address the question of whether the biotin moieties stay
on the surface and remain fully functional after curing. Working with fully cured samples
can be critical for applications, as even when small-volume features are often already cured
by exposure to ambient light, it might not be enough to fully cure thicker structures. The
immersion of uncured adhesive in liquid might lead to rearrangement of the structures
and the formation of droplets (Figure S4). Figure 5b,c displays the obtained fluorescent
images before and after the incubation of fully cured patterns, with fluorescently labelled
streptavidin. The emergence of the second row of patterns in the green channel after
incubation constitutes an unequivocal sign of streptavidin binding to the biotin moieties.

4. Discussion and Conclusions

Three-dimensional nano and microprinting with UV-curable polymer inks has the
potential to become a powerful and highly versatile method to produce bioactive and
functional surfaces for biological research and biomedical applications. FluidFM is, in
particular, suited for this kind of lithography, and widely available methacrylates, such as
the commercial Loctite adhesive, can be employed [19].

We demonstrate that FluidFM allows the effective fabrication of micro-/nanostructures
of different shapes. Importantly, the features of the printing structures can be adjusted by
controlling the surface properties. By tuning the surface hydrophilicity with silanization or
plasma cleaning, the height and width of the written structures can be modified. The highest
structures were obtained on the most hydrophobic substrates, and the widest structures
on the most hydrophilic substrates. This can be understood by the expected increasing
contact angle of the ink with the substrate, which keeps the structure more confined, thus
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raising the height for the same volume of deposited ink for more hydrophobic inks. Our
results can be used to purposely tune surface properties and to make informed choices for
printing, when specific substrates are chosen for reasons of biological constraints.

However, it should be considered that being able to produce micro-/nanostructures in
arbitrary shapes is only one aspect demanded in bioapplications. Most of the time, chemical
or biochemical modifications are also key for obtaining the desired functionality. While a ho-
mogeneous chemical modification can easily be obtained in bulk by a post-functionalization
step, targeted functionalization of specific micro-/nanostructures is hardly obtainable by
conventional approaches. Towards this goal, we demonstrated the inherent functional-
ization of printed structures by admixing phospholipids to the base adhesive ink. In our
approach, the resulting structures are directly functionalized without any need for further
steps. Furthermore, this gives the opportunity for multiplexing, as structures can easily
be written next to each other with different inks. Here, we demonstrated the concept by
admixing a fluorescently labelled phospholipid or a biotinylated phospholipid, respectively.
With simple conventional blocking agents, such as BSA, unspecific adhesion is blocked and
streptavidin is highly selective, binding only to the structures made with the ink containing
biotinylated phospholipid. This proves that the biotin moieties remain accessible at the
interface of the structures to the liquid phase, probably preferentially oriented outwards of
the polymer bulk by their amphiphilic natures (the hydrophilic head group is modified
with the biotin moiety and hydrophobic hydrocarbon chains at the tail end). Remark-
ably, the biotin motif offers a wider range of possibilities for biofunctionalization, as it is
one of the most widespread binding tags in biotechnology, with a myriad of compounds
available with biotin modifications that could be bound over a streptavidin linker to such
structures. In addition, other lipid modifications will likely work in a similar fashion,
e.g., to introduce metal-chelating lipids, such as 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-
1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (18:1 DGS-NTA(Ni)), to allow
the binding of polyhistidine(His)-tagged proteins, further expanding the multiplexing
capabilities by utilizing orthogonal binding tags. The admixing did not significantly alter
the printing properties or mechanical properties of the printed structures; therefore, it is
a straightforward process to include different functionalization and no interference with,
e.g., changes in mechanical cues, as stiffness to the cells growing on the structures is to be
expected.

Another important concern when considering bioapplications is the biocompatibility
of the involved materials. While methacrylates are problematic in this regard, the toxicity of
the material is mainly conveyed by residual monomers seeping out [32]. For the comparably
thin structures produced in FluidFM printing processes, curing will generally be complete
with not much monomer left, and, if needed, biocompatibility could be further increased
by additional treatments, such as ethanol washing [33].

In summary, our results show the successful functionalization of polymer ink with
model biomolecules, and provide proof of principle as to how biologically relevant species
can be incorporated into the direct-patterned nanostructures, without significantly altering
their global properties. Overall, these results demonstrate the potential for the direct
printing of functionalized structures via FluidFM, or similar dispensing techniques, for the
creation of bioactive, protein-presenting micro-/nanostructures for bioapplications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym14071327/s1: Figure S1: indentation maps of different structures; Figure S2: water
contact angles on the different surface functionalization; Figure S3: calculated dot volumes on
substrates with different functionalization; Figure S4: additional incubation experiments.
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Abstract: 3D printing technique is currently one of the promising emerging technologies. It is used
in many areas of human activity, including acoustic applications. This paper focuses on studying the
sound reflection behavior of four different types of 3D-printed open-porous polylactic acid (PLA)
material structures, namely cartesian, octagonal, rhomboid and starlit structures. Sound reflection
properties were evaluated by means of the normal incidence sound reflection coefficient based on the
transfer function method using an acoustic impedance tube. In this study, various factors affecting the
sound reflection performance of the investigated PLA samples were evaluated. It can be concluded
that the sound reflection behavior of the tested PLA specimens was strongly affected by different
factors. It was influenced, not only by the type of 3D-printed open-porous material structure, but
also by the excitation frequency, the total volume porosity, the specimen thickness, and the air gap
size behind the tested specimen inside the acoustic impedance tube.

Keywords: polylactic acid; sound reflection; excitation frequency; porosity; 3D printing technique;
thickness; air gap

1. Introduction

Architects have often focused on designing beautiful buildings intended for musical
performances, especially concert halls, operas, churches, mosques, or theatres. Acoustic
design with good sound distribution is crucial in the internal spaces of such buildings [1–3].
In contrast to concert halls, in which the best possible sound acoustics are needed, in the
case of main roads and other places, where there is high noise pollution, the aim is to absorb
or effectively reflect noise, thus preventing the further propagation of sound waves [4].
However, other rooms which are used every day, such as classrooms, auditoriums, offices,
or production halls, also require well-projected sound properties. Poor acoustic design
of such workspaces can cause discomfort, dizziness, and constant exposure to excessive
unwanted sounds that affect physical and mental health. Therefore, it is crucial for human
health and safety to use suitable sound-absorbing materials in specific rooms, offices,
manufacturing halls, vehicles, or aircraft.

Noise and sound have the same specification but are perceived differently. The speed
of sound can vary due to the difference in pressure between the media through which the
sound propagates [5]. Sound can be considered as the propagation of a disorder mainly
in liquid or solid phases. The wave motion is triggered when the element moves the
nearest air particle, which then causes a pressure difference in the medium in which the
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wave moves [6]. Noise is perceived as a nuisance by people, and noise pollution in the
environment can also cause discomfort [7].

Sound propagates through the air or other media as a longitudinal wave, in which the
mechanical vibrations run in the direction of wave propagation. The property of waves
and sound associated with the echo phenomenon is known as reflection [7–10].

The sound wave changes during the passage through space when it meets an obstacle.
The wave may vary due to reflection from the obstacle, diffraction around the obstacle,
and transmission accompanied by a refraction to the obstacle and other space. One part of
the soundwave passes through the boundary of space. The second part is reflected. The
reflection itself and its intensity depend on the similarity of the spaces [11].

The sound energy reflected from a boundary/obstacle can be divided into specular
or diffuse. The former is when the reflection appears at the same angle at which it strikes
the surface, like the reflection of light from a mirror. In contrast, diffuse reflection occurs
when the sound energy is scattered in non-specular directions [4]. The direction of wave
propagation is perpendicular to the front formed by all the Huygens’ wavelets. In terms
of shape, suitable reflectors are used for different purposes or effects. For example, a
parabolic reflector focuses a parallel sound wave to a specific point, making it easier to hear
a feeble sound. Such reflectors are used in parabolic microphones to pick up sound from
a distant source or select the location where the sound is observed and then focus it on
the microphone. On the other hand, an elliptical shape can focus sound from one point to
another [8,12].

The reflection (absorption) of sound waves is affected by several parameters, such as
surface shapes, obstacles and their spatial distribution, their distance and arrangement [13].
In addition to these, one of the most important factors that has a significant effect on the
proper propagation of sound is the material, including its porosity, density, thickness, and
the angle of sound incidence, surface shape, excitation frequency of the acoustic wave
and the type of internal structure of the material [1,6]. Zulkifli [14] and Lee [15] reported
that the acoustic absorption of multilayer materials is better with perforated plates backed
with airspaces. In most cases, sound-absorbing materials are measured in a reverberation
chamber. In a study by Cucharero et al. [16], the authors showed how angle-dependent
absorption coefficients could be measured. The results were in good agreement with sound
absorption coefficients and confirmed that materials have different attenuation behavior to
sound waves coming from different directions.

In recent years, with the development of manufacturing technology, porous materials
have presented a challenge to many researchers to study their sound absorption or reflection
properties. The process of reflecting acoustic waves in porous materials in the case of
oblique impact of acoustic waves was studied by Gimaltdinov et al. [17] The results showed,
that with increasing angle of impact, transmission decreases. According to [18], lightweight
materials, such as foam or fabric, are often too porous to reflect sound passing through, and
their energy is converted into heat with a reduction in magnitude. This approach is often
used in cinemas and recording studios to reduce the room’s reverberation time. While
effective internally, lightweight materials are not suitable externally, so concrete is still
preferred [18]. A balance between speed and density of sound and its effect on the acoustic
properties of a porous material was studied by Kuczmarski et al. [19], while the effect of
tortuosity, porosity, and flow resistivity on reflection and transmission of acoustic waves in
porous materials was the topic of [20]. Sun et al. [21] demonstrated that the main reason
for the difference in acoustic properties of materials produced via selective laser sintering
is the difference in the unit structures. The investigation confirmed that transmission loss
has better results with mixed structures than using individual components, and can be
improved with periodically arranged scatterers inside porous materials.

To study the natural behavior of the uniform infinite layers of a porous material
was the aim of [22], which considered the relation between pressure and velocity. The
results of this study enabled evaluation of the intrinsic properties of the material based
on plane wave acoustic surface impedance. A subsequent comprehensive literature re-
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view, with detailed description of the prediction of acoustic absorption behavior, various
techniques for enhancing sound absorption and the application of Wilson’s relaxation-
matched equivalent fluid model, was provided by Otaru [23]. The compound impedance
and sound absorption in a porous material in the first resonance cavity were examined
by Fan [24]. The results showed that an acoustic board, consisting of aluminum foam as
the inner structure and micro-porous board as the outer structure, with polyester between
them, showed good sound absorption performance in the low-frequency zone. Similarly,
Talebitooti et al. [25] investigated double-walled poroelastic composite shells to achieve
diffuse sound transmission in the high-frequency range. A positive effect was observed in
optimizing vibroacoustic fitness.

A summary of fabrication, evolution and prediction models for sound absorption in
porous materials is described in the work of Cao et al. [26], while the work of Chen [27]
demonstrated the relation between geometrical parameters and sound absorption based on
the establishment of static flow resistivity and derivation of the fractal acoustic model. The
finite analysis method was applied to assess sound insulation performance in a sandwich
plate with lattice core, the results showing that a sandwich plate with a lattice core could
outperform traditional lattice cores [28].

The present study represents an original contribution to the research of sound proper-
ties of additively produced materials with regularly distributed porous structures. It sought
to investigate the sound reflection behavior of four different types of 3D-printed open-
porous polylactic acid (PLA) material structures, namely cartesian, octagonal, rhomboid
and starlit structures, considering various factors affecting the sound reflection performance
of the investigated PLA samples. The sound reflection properties were evaluated by means
of the normal incidence sound reflection coefficient based on the transfer function method
using an acoustic impedance tube.

It can be seen from the overview above that the concept of using lightweight materials
in technical practice is not entirely new. Porous materials give the product a specific combi-
nation of properties, especially in terms of lightness (weight reduction), while maintaining
sufficient rigidity, strength, and resistance to load/stress. Their advantages include, not
only their mechanical properties, but also other physical characteristics, such as acoustic,
thermal, or viscous properties. Reduced material consumption will also reduce the cost of
producing the component and recycling it, making porous materials more environmentally
friendly. Currently, the production of cellular materials is possible mainly due to the rapid
development of additive technologies. With the help of 3D printing technique, it is possible
to produce even complex objects that cannot be produced by other (classical) methods. All
porous materials are strongly dependent on their three-dimensional (3D) microstructures,
including the porosity, pore sizes, shapes, and connectivity of the porous space [29,30]. In
terms of the division into porous structures, regular and irregular, the regular arrangement
of cellular structures allows better control or prediction of their properties, so the authors
decided to address this type of structure in the sound reflectivity research.

To the best of the author’s knowledge, no relevant studies have yet been published
which examine the sound reflection of the above types of structures made of PLA plastic
material, considering the influence of several factors, such as their structural type, excitation
frequency, the total volume porosity, the specimen thickness, and the air gap size behind
the tested specimen inside the acoustic impedance tube.

2. Materials and Methods

2.1. Characteristics of Samples

Airflow resistivity is a physical parameter characteristic of porous and fibrous ma-
terials, which quantifies, per unit length, the ability to oppose resistance to the motion
of air particles inside a material. As is well-known, this property is important to evalu-
ate the acoustic behavior of these materials in various fields of their application, such as
automotive noise mitigation, architectural acoustics, and building acoustics [31,32].
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The samples were produced via an additive approach from polylactic acid or polylac-
tide (PLA) material (Prusa Polymers, Prague, Czech Republic), which is a thermoplastic
made from vegetable starch. The processing of this material was carried out at a temper-
ature of approximately (180–220) ◦C. The manufacturer states in the material sheet the
following properties of the PLA filament used in the experiments of this research: peak
melt temperature (145–160) ◦C, glass transition temperature (55–60) ◦C, specific weight
1.24 g cm−3, moisture absorption 0.3% at 28 ◦C and yield strength of the filament 57.4 MPa.

After heating this material, it is possible to smell a sweet scent. PLA material is
resistant to deformation, non-toxic, brittle, and less heat resistant than ABS material. The
advantage of this material is that it is not harmful to health and is biodegradable. Another
advantage of this material is that it cannot be easily torn and can be used with printers
that do not have a heated printing bed. Compared to other materials, PLA cooling takes
longer, and efficient cooling can be ensured by fans. Components made of this material
can be finely machined, e.g., by grinding. Products extruded from this plastic should not
be exposed to direct sunlight. The products are not suitable for high loads. In situations
of excessive humidity, these products absorb water, which also reduces their quality. PLA
material is most often used to produce food aids, prototypes, toys, design models, etc.
However, it can be used to advantage in suitable technical applications in engineering and
construction, and the automotive or aerospace industries [33,34].

Four different types of 3D-printed open-porous structures, namely, cartesian, octago-
nal, rhomboid and starlit structures, were selected to investigate sound reflection properties
within the presented research. The main reason for selecting the lattice structures referred
to above was the completely different type of regularly repeating cells forming the structure,
as well as the nature of their distribution in the cross-sectional area (rotated around the
cylindrical axis or slid in rectangular axes). Virtual models of the samples were gener-
ated in software PTC Creo 7 (Parametric Technology Corporation Inc., Boston, MA, USA).
The samples were cylindrical with a diameter of 29 mm so that their outer shape and
dimensions matched the impedance tube for testing; the structure itself had a diameter
of 25 mm, and the outer shell of continuous material had a thickness of 2 mm. For each
type of structure (cartesian, octagonal, rhomboid and starlit), samples were produced in
three different volume porosities P (30%, 43% and 56%) and in three different thicknesses t
(10 mm, 20 mm and 30 mm), making in total 36 pieces.

The total volume porosity of a porous material is one of the essential characteristics of
a structure (apart from its geometry) and is defined by Equation (1) [35]:

P(%) =
Va

VT
× 100 (1)

where Va is the air volume in body cavities, and VT is the total body volume. The volume
porosity of the specimens was regulated by the thickness of the strut in a lattice structure
and by the cell size.

If the apparent density of the samples is known (in our case it was 0.5456; 0.7068 and
0.868 gcm−3), the porosity can be expressed by means of Equation (2)

P(%) =

(
1 −

ρA

ρ

)
× 100 (2)

where ρA is the apparent density and ρ is the density of PLA material (1.24 gcm−3).
A summary of the basic characteristics of lattice structures made to investigate the

sound reflection properties is given in Table 1, where x/y/z are the dimensions of the base
cell, where the orientation “z” is the direction of sample building and it is perpendicular to
the position of the platform “x,y”.
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Table 1. Basic characteristics of lattice structures designed to investigate the sound reflection properties.

Structure
Type

Label
Volume Porosity

(%)
Structure

View
Strut Diameter

(mm)

Cell Size
x/y/z
(mm)

Cartesian
56 1 5/5/5

C 43 1.4 5/5/5

30 1.8 5/5/5

Octagonal
56 1 6/7/5

O 43 1.4 6/7/5

30 1.7 5.5/7/5

Rhomboid
56 1 5.5/7/7

R 43 1.35 5/7/7

30 1.7 5/7/7

Starlit
56 1 8/9/5

S 43 1.4 7.5/9/5

30 1.8 8/9/5

The ability to produce such complex structures in the core of an object (e.g., a future
sound wall with the necessary sound reflection properties) is made possible today by
technologies which work on the additive principle. The proposed test specimens were
printed on a Prusa i3 Mk2 3D printer (Prusa Research a.s., Prague, Czech Republic), using
fused deposition modeling (FDM) technology for 3D printing. This technology is one of
the most widespread additive production technologies and is included in the group of
methods used to produce solid prototypes based on the principle of extrusion. As with
other technologies, including FDM, the required body is created by depositing thin layers
of semi-liquid material. The material is wound in the form of a filament on a spool from
where it is led to a nozzle located in the application head. The movement of the nozzle is
given by a 3D model of the desired body, which is sliced into thin layers in the software
before the 3D printing itself. It is “controlled” by the contours of the body in the given layer
and the chosen strategy of filling continuous surfaces with the material. After application,
the material adheres to the previous layer and gradually cools. The building platform, on
which the body is built, drops lower with increasing layer thickness and the application
process is repeated until the component is completed. The quality and strength of FDM
components essentially depend on the process parameters [36,37]. The material is wound
on a spool attached to the extruder with its motor, which pushes the thread through the hot
end. The hot end maintains a constant temperature to melt the filament very quickly into a
viscous liquid which is extruded through a small nozzle, firstly onto the platform, and then
in subsequent layers, continuing to apply the material until the entire prototype is formed.

The 3D printing strategy, as well as the nozzle and platform movement, were con-
trolled by a computer on which PrusaSlicer software of the same manufacturer as the 3D
printer machine (Prusa Research a.s., Prague, Czech Republic) was installed.

The technical and technological parameters used in 3D printing were selected accord-
ing to the equipment manufacturer’s recommendations for PLA material. However, a
range of temperatures and speeds could be used. A nozzle temperature of 220 ◦C and
a print speed of 40 mms−1 for the whole sample were applied to produce a preliminary
sample. In this case, the 3D printer stringing effect appeared as seen in Figure 1.

After several trials to adjust the settings, the following 3D printing parameters were
finally selected: nozzle temperature 215 ◦C for the first layer and 210 ◦C for the others; bed
temperature (building platform) 60 ◦C, printing speed on the peripheral circuits 30 mm/s
and printing speed of the internal structure 20 mms−1. A 1.7 mm diameter filament was
used for 3D printing of the samples, which was applied in layer thickness of 0.254 mm
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using a 0.4 mm diameter nozzle. The samples were positioned so that their cylindrical axes
were perpendicular to the building platform. They were built without supports because
the lattice structures were self-supporting. The quality of the samples was checked visually,
and no cracks or thin strands of plastic (as the result of 3D printer stringing) were observed.

Figure 1. The 3D printer stringing effect appearance of a preliminary sample.

An example of the samples produced is shown in Figure 2. In Figure 2a, samples of
thickness t = 30 mm with different types of structure are shown. In Figure 2b rhomboid
samples with different volume porosities are shown, and in Figure 2c a set of samples with
octagonal structure is presented.

Figure 2. Examples of samples produced. (a) samples of thickness t = 30 mm and volume porosity
P = 43% with different types of structure, (b) rhomboid samples with different volume porosities and
(c) a set of samples with octagonal structure. (Note: the numbers on the sample labels in the figure
indicate the total volume porosity in %).

2.2. Measurement Methodology

2.2.1. Sound Reflection Coefficient

When sound propagates from a sound source to a material’s surface, the incident
sound energy EI is either reflected or absorbed by this material [38,39]. The sound reflection
coefficient β is the measure of how much sound is reflected from a material [40]. It can be
expressed as follows [41–44]:

β =
ER

EI
=

EI − EA

EI
= 1 − α (3)

where ER is the reflected sound energy, EA is the absorbed sound energy, and α is the sound
absorption coefficient.

2.2.2. Sound Reflection Properties

There are two different standardized methodologies for measuring sound reflection
properties of material specimens, namely, the reverberation room and impedance tube
methods [45].
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Measurement of sound reflection properties using the reverberation room method [46–48]
is performed in a standardized reverberation chamber and is based on the measurement of
reverberation times with and without the specimen to be tested. This method is preferred
by materials producers to measure the random sound reflection coefficient in a diffuse
sound field. However, the reverberation room method requires a large-scale chamber of
volume V > 200 m3 and a large surface area (i.e., 10–12 m2) of investigated specimens.

The impedance tube method [49,50] measures the sound reflection coefficient when
sound waves propagate vertically through a test sample. Compared to the reverberation
room method, the impedance tube method is a quick, low-cost method, using small-size
specimens. Therefore, this method is suitable for developing new types of soundproofing
materials. There are three impedance tube methods: pipe pulse, standing wave ratio,
and transfer function methods [49]. The pipe pulse method is based on the separation
of incident and reflection acoustic signals. Sound reflection properties are subsequently
determined from the amplitude ratio of the acoustic signals. This method requires high
anti-reference and capability of signal separation. The standing wave method [51] consists
in measuring acoustic pressure amplitudes of the incident and reflected acoustic waves by
means of a movable acoustic probe. This method is tedious, and the measuring efficiency is
relatively low. The transfer function method [52] uses two precisely matched microphones
and is based on a similar principle to the standing wave method. Its operational process is
much simpler, and the measuring efficiency is higher than the standing wave method [49].

Experimental measurements of sound reflection properties of the investigated PLA
specimens were undertaken using the transfer function method ISO 10534-2 [52] that is
based on measuring sound pressures in the impedance tube by means of microphones
M1 and M2. This method defines the normal incidence sound reflection coefficient β as
follows [53–55]:

β = |R|2 (4)

where R is the complex reflection factor that is given by the formula:

R =
H12 − HI

HR − H12
e2jk0x1 (5)

where H12 is the pressure transfer function, HI is the transfer function for the incident
acoustic wave, HR is the transfer function for the reflected acoustic wave, k0 is the complex
wave number, and x1 is the distance between the microphone M1 and the tested material
sample (see Figure 3b). The above transfer functions are expressed as:

H12 =
p2

p1
=

ejk0x2 + R·e−jk0x2

ejk0x1 + R·e−jk0x1
(6)

HI = e−jk0(x1−x2) = e−jk0s (7)

HR = ejk0(x1−x2) = ejk0s (8)

where p1 and p2 are the complex acoustic pressures measured by the microphones M1 and
M2, x2 is the distance between the microphone M2 and the studied material specimen, and
s is the distance between the two microphones M1 and M2.

The complex acoustic pressures are given by the equations:

p1 = p̂I e
jk0x1 + p̂Re−jk0x1 (9)

p2 = p̂I e
jk0x2 + p̂Re−jk0x2 (10)

where p̂I and p̂R are the amplitudes of acoustic pressures for the incident (I) and reflected
(R) acoustic waves.
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Figure 3. Circuit diagram of the experimental equipment for measuring the sound reflection coef-
ficient (a) and a schematic of the acoustic impedance tube (b). Legend to the abbreviations: a—air
gap size; EA—absorbed sound energy; EI—incident sound energy; ER—reflected sound energy; M1,
M2—measuring microphones; MS—measured specimen; s—distance between microphones M1 and
M2; SS—sound source; SW—solid wall; t—sample thickness; x1, x2—microphone distances from the
tested PLA sample surface.

Frequency dependencies of the normal-incidence sound reflection coefficient β of the
tested 3D-printed PLA material samples were measured using a two-microphone acoustic
impedance tube (BK 4206) in combination with a power amplifier (BK 2706) and a signal
PULSE multi-analyzer (BK 3560-B-030) in the frequency range from 200 to 6400 Hz (Brüel
& Kjær, Nærum, Denmark). A circuit diagram of the experimental equipment is depicted
in Figure 3a. Normal-incidence sound reflection properties of the tested 3D-printed open-
porous specimens of a given thickness t (i.e., 10, 20 and 30 mm) and a total volume porosity
P (from 30 to 56%) were experimentally measured for different air gap sizes a (ranging from
0 to 100 mm) behind the studied PLA samples (see Figure 3b). Here, the solid wall SW is
characterized by the perfect reflectivity (i.e., β = 1) of acoustic waves from its surface. All
measurements were performed at an ambient temperature of 22 ◦C.

3. Results and Discussion

This section discusses various factors that influenced the sound reflection properties
of the studied 3D-printed open-porous PLA structures.

3.1. Influence of Structure Type

The material structure is an important factor that has a strong influence on sound
reflection performance. The effect of the structure type on sound reflection properties
of the tested 3D-printed open-porous PLA materials, which was significant for thin (i.e.,
t = 10 mm) PLA material samples, is demonstrated in Figure 4. The frequency dependencies
of the sound reflection coefficient for the PLA specimens of porosity P = 30% and thickness
t = 10 mm are shown in Figure 4a. In this instance, the specimens were placed at 70 mm
from the solid wall SW inside the acoustic impedance tube (see Figure 3b). Similarly,
the effect of the structure type of the tested open-porous PLA materials (with P = 56%,
t = 10 mm and a = 15 mm) is demonstrated in Figure 4b. It is clear from Figure 4 that lower
sound reflection properties were generally found for the PLA samples manufactured with
the starlit structure, which were characterized by more complex pore shapes compared to
the other open-porous PLA structures. For this reason, the PLA samples produced with
the starlit structure exhibited higher airflow resistivity, which was accompanied by higher
internal friction during the propagation of sound waves through this specimen structure,
and by higher conversion of the incident acoustic energy EI (see Figure 3b) into heat. These
findings were observed mainly for low-frequency sound waves.

It can be concluded that the sound reflection performance for the investigated 3D-
printed open-porous PLA materials of thickness t = 10 mm was significantly influenced by
their volume porosity. In the case of low-porous (i.e., P = 30%) PLA materials, better sound
reflection behavior was observed for the specimens made with the rhomboid structure (see
Figure 4a). However, the PLA materials of thickness t = 10 mm produced with the cartesian
structure exhibited better sound reflection performance for the highest porosity value (i.e.,
P = 56%), as shown in Figure 4b. The influence of the structure type on the sound reflection
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behavior of the tested 3D-printed open-porous PLA materials was negligible for the thicker
(i.e., t = 20 and 30 mm) materials.

Figure 4. Influence of 3D-printed PLA structure type on the frequency dependencies of the sound
reflection coefficient; (a) porosity P = 30%, specimen thickness t = 10 mm, air gap size a = 70 mm,
(b) porosity P = 56%, specimen thickness t = 10 mm, air gap size a = 15 mm.

3.2. Influence of Total Volume Porosity

Sound reflection properties of the investigated four different open-porous PLA struc-
tures were significantly influenced, not only by the pore shape, but also by its size. It is
known that the total volume porosity of open-porous materials is proportional to their
relative density that increases with the decreasing pore size [56]. Better sound absorption
properties of open-porous material structures are generally obtained at higher material
density and airflow resistivity and smaller average pore sizes [57,58]. For these reasons,
the increasing porosity of open-porous material structures leads to better sound reflection
properties of these materials. This phenomenon was confirmed by the measured frequency
dependencies of the sound reflection coefficient, as shown in Figure 5. Figure 5a represents
the porosity effect on sound reflection performance of the PLA sample, which was manu-
factured with the rhomboid structure and thickness t = 10 mm and was placed at distance
a = 40 mm in front of the solid wall SW. Similarly, the sound reflection properties of the
PLA sample with the cartesian structure, thickness t = 20 mm and air gap size a = 30 mm
depending on its porosity, are depicted in Figure 5b. It is clear from Figure 5 that the sound
reflection coefficient generally increased with increasing sample porosity, especially at
low excitation frequencies. This is because the higher porosity resulted in lower airflow
resistivity during the sound wave propagation through the PLA open-porous structures,
resulting in better sound reflection properties.

Figure 5. Effect of total volume porosity on the frequency dependencies of the sound reflection
coefficient for the investigated PLA specimens: (a) rhomboid structure, sample thickness t = 10 mm,
air gap size a = 40 mm; (b) cartesian structure, sample thickness t = 20 mm, air gap size a = 30 mm.
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3.3. Influence of Specimen Thickness

The thickness of the 3D-printed open-porous PLA materials was also an important
factor affecting their sound reflection behavior. The effect of the specimen thickness on the
frequency dependencies of the sound reflection coefficient is shown in Figure 6. Figure 6a
demonstrates the effect of specimen thickness on the sound reflection performance of the
PLA sample with 30% porosity that was made with the starlit structure and was placed
directly on the solid wall SW (i.e., a = 0 mm). Similarly, the influence of the thickness
of the PLA sample with the highest porosity (i.e., P = 56%), which was produced with
the octagonal structure and was placed 60 mm from the solid wall SW inside the acoustic
impedance tube, is demonstrated in Figure 6b. It is clear that the sound reflection properties
of the tested PLA samples decreased with increasing material thickness in a substantial part
of the measured frequency range, especially in the low-frequency region. This phenomenon
was caused by higher internal friction during the sound wave propagation through the
thicker open-porous PLA materials, which was reflected in a greater conversion of sound
wave energy into heat. Therefore, the increasing thickness of open-porous materials
generally reduced their sound reflection properties. Lower sound reflection performance
was found for the thicker PLA materials at the excitation frequency f ∼= 3 kHz depending on
the structure type, the volume porosity P and the air gap size a. This frequency boundary
generally decreased with decreasing sample volume porosity and increasing air gap size.

Figure 6. Effect of specimen thickness on the frequency dependencies of the sound reflection coeffi-
cient for the investigated PLA specimens: (a) Starlit structure, porosity P = 30%, air gap size a = 0 mm;
(b) Octagonal structure, porosity P = 56%, air gap size a = 60 mm.

3.4. Influence of Air Gap Size

The sample distance in front of the solid wall SW inside the acoustic impedance tube
was also a significant factor influencing the sound reflection properties of the investigated
3D-printed open-porous PLA materials. It is clear from Figure 7 that the frequency depen-
dencies of the sound reflection coefficient were periodic with a certain number of minima
and maxima of the sound reflection coefficient over the whole measured frequency range.
This phenomenon, characteristic of open-porous materials, was demonstrated by the sound
wave reflection from the wall SW inside the acoustic impedance tube (see Figure 3b), which
relates to the wavelength of sound λ. The acoustic pressure will be highest at the wall, but
the air particle velocity will be zero because the sound waves cannot supply enough energy
to shake the solid wall [59]. If the air gap size between the solid wall and the tested sample
gradually increases, the acoustic pressure decreases, but the air particle velocity increases.
When the air gap is set to correspond to a quarter wavelength, the acoustic pressure is zero,
and the air particle velocity is maximal. It is subsequently accompanied by higher internal
friction during the propagation of sound waves through the porous specimen structure,
which led to low sound reflection properties in this case. However, placing the open-porous
material at a half-quarter wavelength distance from the solid wall will have a maximum
reflection effect because the air particle velocity is minimum, and the acoustic pressure is
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maximum. Therefore, the sound reflection minima are proportional to odd multiples of
quarter wavelengths and are obtained at the excitation frequencies:

fmin =
c·(2n + 1)

4l
=

c·(2n + 1)
4·
(
a + t

2

) (11)

where c is the speed of sound, n is the integer (n = 0, 1, 2. . . ), and l is the distance between
the studied sample and the solid wall inside the acoustic impedance tube. Similarly, the
sound reflection maxima are proportional to even multiples of quarter wavelengths and
are obtained at the excitation frequencies:

fmax =
c·n

2l
=

c·n

2·
(
a + t

2

) (12)

Figure 7. Influence of air gap size on the frequency dependencies of the sound reflection coefficient
for the studied PLA specimens: (a) Starlit structure, sample thickness t = 20 mm, porosity P = 43%;
(b) Cartesian structure, sample thickness t = 20 mm, porosity P = 56%.

It can be seen from Figure 7 that the excitation frequencies corresponding to sound
reflection minima and maxima generally decreased with increasing air gap size, which
is consistent with Equations (11) and (12) above. For this reason, the air gap size had a
negative effect on sound reflection performance, especially in the low-frequency region. It
is also clear that increasing air gap size led to a higher number of frequency minima and
maxima over the whole measured frequency range.

Examples of the experimentally obtained values of the primary sound reflection min-
ima and maxima, and their corresponding excitation frequencies, are shown in
Tables 2 and 3. Table 2 demonstrates the measured values of the primary sound reflection
minima βmin1 (proportional to a quarter-wavelength, i.e., λ/4), the primary sound reflection
maxima βmax1 (proportional to a half-wavelength, i.e., λ/2) and the relevant frequencies
fmin1 and fmax1 depending on the air gap size a of the most porous (i.e., P = 56%) PLA sam-
ples measuring 10 mm in thickness. It is obvious that the frequencies, which correspond
to the primary sound reflection minima and maxima, generally shifted to lower values of
the excitation frequencies with the increasing air gap size. However, the primary sound
reflection minima and maxima generally increased with increasing air gap size. It can also
be seen that the lowest values of the primary sound reflection minima and maxima and
their corresponding excitation frequencies were found for the PLA samples produced with
the starlit structure, which is in accordance with Figure 4. Similar results were found for
the low porous (i.e., P = 30%) samples measuring 30 mm in thickness, as shown in Table 3.
Here, the increasing air gap size led to an increase in the primary sound reflection minima
and maxima and to a decrease in their corresponding excitation frequencies. However, it is
also clear that the effect of the structure type of the thicker PLA samples on these excitation
frequencies was practically negligible compared to the thin samples tested (see Table 2).
Again, it was found that lower values of the sound reflection coefficient were observed for
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the specimens that were manufactured with the starlit structure. This was due to the more
complex pore shapes of this 3D-printed structure than the other open-porous PLA struc-
tures, which led to multiple reflections during the propagation of sound waves through the
starlit structure and consequently to greater conversion of sound energy into heat.

Table 2. Primary sound reflection minima and maxima and their corresponding excitation frequencies
depending on the air gap size for the studied 3D-printed open-porous PLA material structures of
thickness t = 10 mm and porosity P = 56%.

Structure
Type

a
(mm)

fmin1

(Hz)
βmin1

(-)
fmax1

(Hz)
βmax1

(-)

Cartesian

25 2272 0.73 5904 0.91
50 1392 0.75 2984 0.94
70 1192 0.78 2296 0.95
100 784 0.81 1424 0.97

Octagonal

25 1936 0.70 5032 0.91
50 1336 0.74 2920 0.93
70 1040 0.76 2256 0.93
100 728 0.81 1360 0.97

Rhomboid

25 2024 0.71 5536 0.90
50 1384 0.72 2960 0.91
70 1080 0.77 2272 0.93
100 760 0.81 1392 0.98

Starlit

25 1928 0.60 5024 0.89
50 1320 0.64 2872 0.92
70 960 0.70 2224 0.92
100 680 0.75 1248 0.92

Table 3. Primary sound reflection minima and maxima and their corresponding excitation frequencies
depending on the air gap size for the studied 3D-printed open-porous PLA material structures of
thickness t = 30 mm and porosity P = 30%.

Structure
Type

a
(mm)

fmin1

(Hz)
βmin1

(-)
fmax1

(Hz)
βmax1

(-)

Cartesian

0 1728 0.00 3608 0.79
25 704 0.09 2056 0.86
50 488 0.14 1760 0.87
100 336 0.18 1288 0.91

Octagonal

0 1776 0.01 3672 0.79
25 712 0.10 2152 0.85
50 488 0.16 1808 0.86
100 336 0.20 1312 0.91

Rhomboid

0 1864 0.02 3696 0.79
25 728 0.14 2176 0.86
50 512 0.19 1824 0.86
100 360 0.24 1344 0.88

Starlit

0 1824 0.02 3640 0.80
25 696 0.08 2120 0.84
50 504 0.13 1792 0.84
100 344 0.20 1296 0.86

Placing the porous sample at a suitable distance from the solid wall is one way to en-
sure higher sound reflectivity while reducing weight. Applying open-porous materials with
an air gap size to reflect sound is advantageous, especially at higher excitation frequencies,
because porous (e.g., fibrous and foam) materials exhibit generally good sound absorption
properties at high frequencies [60–64]. Furthermore, 3D-printed open-porous PLA material
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structures are characterized by a relatively high stiffness/weight ratio, resulting in lower
production costs.

3.5. Influence of Excitation Frequency

As stated above in Figures 4–7, the sound reflection properties of the investigated
3D-printed PLA specimens were also strongly influenced by the excitation frequency. It can
be seen that good sound reflection properties were generally observed in a low-frequency
range, whose upper frequency limit generally increased with increasing sample porosity
and with decreasing air gap size and specimen thickness. In the case of higher excitation
frequencies, better sound reflectivity can be achieved by appropriately adjusting the air gap
size behind the given 3D-printed PLA sample inside the impedance tube. From Equation
(12) mentioned above, the appropriate size of this air gap in the desired frequency range
can be determined as follows:

a =
c·n

2 f
−

t

2
(13)

3.6. Comparison of Sound Reflection Properties

The ability of the investigated 3D-printed open-porous PLA materials to reflect sound
was compared using the mean value of the sound reflection coefficient βm that was de-
termined as an arithmetical average of the sound reflection coefficients over the whole
measured frequency range (i.e., from 200 to 6400 Hz). Some examples of the calculated
values of the mean sound reflection coefficient are shown in Table 4. Regardless of the
structure type of the tested porous PLA materials, it is obvious that the mean value of
the sound reflection coefficient generally increased with increasing sample porosity and
with decreasing specimen thickness and air gap size behind the tested sample inside the
impedance tube. It was confirmed that the PLA specimens manufactured with the starlit
structure exhibited the lowest sound reflection properties because of their complex shape
structure compared to the other types of studied open-porous PLA structures. It can also
be seen that the sound reflection behavior of the PLA samples, which were produced with
the other types (i.e., cartesian, octagonal and rhomboid) of open-porous structures, was
very similar. The highest value of the mean sound reflection coefficient (i.e., βm,max = 0.857),
and thus the highest ability to reflect sound, was found for the PLA specimen that was
produced with the cartesian structure, the highest total volume porosity (i.e., P = 56%),
the smallest thickness (i.e., t = 10 mm) and which was placed on the solid wall SW (i.e.,
a = 0 mm).

Table 4. Mean values of the sound reflection coefficient of selected 3D-printed open-porous PLA materials.

Structure
Type

t
(mm)

P
(%)

a
(mm)

βm

(-)

Cartesian
10 56 0 0.857
20 43 50 0.702
30 30 100 0.598

Octagonal
10 56 0 0.844
20 43 50 0.699
30 30 100 0.601

Rhomboid
10 56 0 0.842
20 43 50 0.692
30 30 100 0.610

Starlit
10 56 0 0.820
20 43 50 0.679
30 30 100 0.589
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4. Summary

It can be concluded that the sound reflection properties of the investigated lightweight
3D-printed PLA specimens were significantly influenced by many factors, namely, their
volume porosity and thickness, the structure type, the air gap size behind the tested samples
and the excitation frequency. In general, good sound reflection properties were obtained
using hard, rigid, and non-porous materials (e.g., concrete, stone, and metals) and low
excitation frequencies. Conversely, soft, and porous materials were characterized by high
soundproofing properties, mainly at high excitation frequencies. The application of thin,
lightweight, open-porous 3D-printed PLA materials in the high-frequency region presents
a new perspective in terms of sound reflection compared to classic rigid, heavy materials.
Based on the experimental data of the investigated open-porous 3D-printed PLA specimens,
better sound reflection properties can be obtained by appropriately adjusting the air gap
size behind the thin specimens at a given excitation frequency. Therefore, the application of
thin, lightweight 3D-printed materials is promising in terms of material weight reduction
and energy savings. In future, it will be possible to develop advanced lightweight 3D-
printed material structures, which cannot be produced by conventional manufacturing
technologies, in order to reflect sound.

5. Conclusions

3D printing is a developing technology affecting many areas of life. 3D printing
technology allows the production of lightweight materials of different shapes and structures
compared to other manufacturing technologies, which leads to time and energy savings
and reduces the weight of materials.

The purpose of this study was to investigate the sound reflection performance of
3D-printed open-porous PLA materials made with four different types of porous structures.
In addition, the investigated PLA specimens were manufactured with different porosities
and thicknesses.

It was found that the sound reflection properties of the studied PLA specimens were
influenced, not only by the type of 3D-printed structure, but also by the volume porosity
and thickness of the material samples and the air gap size behind the investigated PLA
specimens inside the acoustic impedance tube. It can be concluded that the PLA samples
manufactured with the starlit structure exhibited lower sound reflection compared to the
other investigated PLA structures, especially for specimens with a thickness of 10 mm.
This was because the starlit structure is created by more complex pore shapes, resulting
in multiple reflections during the propagation of soundwaves through this structure and
thus greater conversion of sound energy into heat. It can also be stated that a higher ability
to reflect sound from the tested 3D-printed open-porous PLA materials was generally
observed at low excitation frequencies and for thin, highly porous samples without the air
gap size inside the impedance tube. At higher excitation frequencies, it was possible to
place the porous lightweight sample at a suitable distance from the solid wall to improve
the sound reflectivity while reducing its weight compared to hard, unperforated solids,
which are generally characterized by good sound reflection properties. For this reason, it is
possible, for these purposes, to save time, production costs and energy, which is one of the
current worldwide trends.
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Abstract: Fused Deposition Modeling (FDM) 3D printing is the most widespread technology in
additive manufacturing worldwide that thanks to its low costs, finished component applications, and
the production process of other parts. The need for lighter and higher-performance components has
led to an increased usage of polymeric matrix composites in many fields ranging from automotive to
aerospace. The molds used to manufacture these components are made with different technologies,
depending on the number of pieces to be made. Usually, they are fiberglass molds with a thin
layer of gelcoat to lower the surface roughness and obtain a smooth final surface of the component.
Alternatively, they are made from metal, thus making a single carbon fiber prototype very expensive
due to the mold build. Making the mold using FDM technology can be a smart solution to reduce
costs, but due to the layer deposition process, the roughness is quite high. The surface can be
improved by reducing the layer height, but it is still not possible to reach the same degree of surface
finish of metallic or gelcoat molds without the use of fillers. Thermoplastic polymers, also used in
the FDM process, are generally soluble in specific solvents. This aspect can be exploited to perform
chemical smoothing of the external surface of a component. The combination of FDM and chemical
smoothing can be a solution to produce low-cost molds with a very good surface finish.

Keywords: FDM; chemical smoothing; vapor smoothing; PVB; carbon fiber mold

1. Introduction

The FDM process was first patented by Stratasys in the 1990s to build a three-
dimensional plastic object without the use of a mold. The parts are produced layer by layer
through the extrusion of thermoplastic filaments usually wound in spools [1]. This is the
most popular additive manufacturing technique nowadays as it offers a wide range of ther-
moplastic material choices from common PLA [2] up to engineering-grade materials such
as Nylons [3]. This manufacturing process can be used to create solid components with
complex shapes and geometries, as highlighted by the studies of SAVU et al. [4] and Brian
et al. [5]. Even though the Additive Manufacturing (AM) processes are challenged because
of their low productivity, inferior surface quality, dimensional instability, and the internal
anisotropy that decreases the mechanical properties of the products [6]. This process has
also shown suitable to produce end-use parts and for small series production [7,8].

1.1. 3D Printing for Supporting the Component Manufacturing Process

FDM 3D printing is the most cost-effective additive manufacturing process for ther-
moplastic materials on the market. This is primarily due to the relative simplicity of
hardware construction compared to other technologies. For example, the closed and heated
chamber is not always necessary as in the case of Selective Laser Melting (SLM). The
filament production is simple, made from polymer granules, and hence there are dozens of
manufacturers and a large number of thermoplastic polymers available on the market. The

73



Polymers 2021, 13, 3700

FDM process includes some safety advantages as well, opposite to printing from powder
technologies that always require personal protective equipment to avoid problems with the
respiratory system during the powder handling and component cleaning. Subsequently,
filament 3D printing showed no problems during material handling since the polymer
is wound on a spool and is easy to substitute once the filament is finished. Any fumes
produced during printing can be effectively removed using specific filters installed on the
printer. Nevertheless, the main drawback of FDM printing is related to the surface quality
of the component that is lower than that obtained with other 3D printing technologies such
as SLM, Stereolithography (SLA) [9], and multi jet fusion from HP [10]. Some research
findings suggest that surface noise given by spikes and peaks in the component during
modelling could lead to improper print quality [11]. The challenge in correctly predicting
residual stresses [12] and deformations of printed components once extruded has so far
limited the use of FDM printing for structural components, thus requiring numerous trials
before obtaining the finished component with the desired quality level. Overall, FDM
printing can be used as a support procedure to create other components, especially in
the case of very limited batches or prototypes. Other findings of Komineas et al. [13] can
help to accurately calculate overall build time to industrialize elements built with AM.
A noteworthy application case is the manufacturing of metal components with the lost wax
casting technique [14]. In this case, the starting component on which the ceramic mold is
built is no longer made of wax but is 3D printed using low melting thermoplastic polymers
such as PLA or ABS [15]. These are suitably modified to reduce the creation of ashes during
the polymer removal phase from the mold, which takes place in the furnace. In this case,
FDM 3D printing allowed us to avoid the need to create a metal mold (made in aluminum
or steel otherwise) in which the wax is casted to obtain the desired model, thus being able
to lead to a significant reduction in costs. The alternative to 3D printing would be to make
the wax models manually, in which case the printing process allowed us to obtain greater
reproducibility and better dimensional tolerances. Additionally, it should be remembered
that SLA technology is also used to produce models intended for the traditional lost-wax
casting process [16], allowing us in this case to obtain finished components with surface
roughness identical to that obtained with wax models. However, the SLA technique is
limited to small components due to the large deformations that would occur during the
resin printing process and is usually used in the goldsmith and medical sectors [17], and
the cost of the resin is also usually higher than that of FDM printing filaments. Another
example of how the FDM process can be used as a supporting technology is the mold
creation for silicone components [18]. The advantages are similar to the previous example.

1.2. Mold to Create Carbon Fiber Components

This study was mainly focused on building a custom mold made through FDM and
smoothing processes for polymer-matrix composites. This solution led to a high surface
finish that can guarantee the production of continuous fiber-reinforced components such
as carbon fiber composites with an epoxy matrix. The mold is necessary, as the current
moldless technologies do not allow the production of carbon fiber components starting
from a fabric, being constrained to a single, continuous fiber, allowing us just to make
reinforcements [19].

Mold manufacturing is usually very expensive. Material options are fiberglass or
metal molds. Nevertheless, a starting model is required for the construction of a fiberglass
mold; it is usually made by CNC in wood or in high-density polyurethane foam. The
model is then covered with a layer of release agent (Polyvinyl Alcohol) or wax. A layer
of gelcoat is applied over the model to obtain a shiny and homogeneous surface on the
mold, and finally the fibers are soaked in epoxy or a thermosetting resin to give rigidity
and consistency to the mold. The whole process has to be done manually by experienced
operators and it is difficult to mechanize. The creation of single prototypes in carbon fiber
is therefore extremely expensive since it is necessary to make the mold and amortize it
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with a single piece. The aim of this research is to introduce a solution to this problem using
3D printing technology.

FDM 3D Printed Mold

We need to obtain cost-effective, high-quality molds to reduce the costs of prototypes
or small batch production. The possibility of making molds with FDM technology is a
smart solution [20,21]. The main challenge is related to the high surface roughness that
would be transferred directly to the final component. A filler could be used on the mold,
followed by manual sandblasting to improve the surface finish. This technique can be
applied to components with a relatively simple geometry with low tolerance values, but
either way it would still require an important manual intervention.

2. Materials and Methods

2.1. From Solvent Bonding to Chemical Smoothing

Thermoplastic polymers are generally soluble in some solvent compounds. The
application of the solvent on the surface of the plastic component softened its surface.
If two components are compressed against each other and the surfaces have been treated
with the solvent, a mutual diffusion of the polymer chains is obtained, and the result is a
very strong adhesion once evaporated. Solvent bonding differs from adhesive bonding
since the solvent does not become permanently adhered to the adhered substrate. A further
advantage is that this softening usually occurs well below the glass Transition Temperature
(Tg) and therefore the overall component integrity is maintained. This process can also be
used to smooth the surface of thermoplastic components [22]. This is superfluous for parts
made with injection molding as little surface roughness could be achieved, but instead it
could become a process to improve the surface characteristics of a component made by
FDM [23]. This process is called chemical smoothing and it allows a localized reaction on
the surface of the component only, keeping the main structure unchanged. This process
used by research of Kuo et al. [24] can be used to ensure watertight surfaces are achieved
on the mold. Once reaching the desired smoothing quality, the component must be cooled
in open air or under forced ventilation to promote the evaporation of the solvent from the
surface. In this research, the chosen machine for the vapor smoothing is the Polymaker
Polishear (Polymaker Inc., Shanghai, China), designed specifically for Polyvinyl butyral
(PVB) smoothing using Isopropyl Alcohol (IPA).

2.2. Material Choice

Polyvinyl butyral (PVB) FDM filament (Polymaker Inc., Shanghai, China) is the chosen
material for this application. It is the result of a reaction between polyvinyl alcohol and
butyraldehyde. This polymer is usually used in the creation of multilayer safety glass [25]
in the automotive sector due to its high transparency but is not popular in FDM printing.
Currently, there are only two filament manufacturers available, and the cost of this product
is higher respect to the most common PLA, but considerably lower than that of Nylon and
other engineering materials. Printability is excellent compared to PLA and its mechanical
properties are such as the latter [26]. Having a low glass temperature (Tg), the deformations
in the printing phase (warping) are limited, even on medium-sized prints, similar to what
occurs with PLA. Additionally, similar to every thermoplastic material, it is soluble in a
specific solvent, such as IPA alcohol. IPA is a very volatile solvent but it is not very harmful
if in contact with human skin. It is sold without special regulations. PLA is also soluble in
chloroform [27], but this liquid is much more dangerous and is not for sale. Other polymers
such as ABS or ASA could be considered a valid alternative to PVB as they are soluble
in acetone [28]. The high Tg of the latter two materials allows the thermal resistance to
be greatly increased at the expense of printability. However, ASA and ABS require very
high printing and bed temperatures as they require a heated chamber for medium-sized
components (150 × 150 × 150 mm). Nevertheless, the onset of warping and delamination
phenomena between the layers remains a serious problem. Finally, ASA and ABS contain
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styrene, which is a toxic component, and the production of fumes during printing could
lead to various respiratory system diseases. For safety reasons it is therefore necessary to
have a suitable device for filtering the fumes. Overall, PVB offers the best tradeoff between
PLA and ABS [29], obtaining the good printability of the former and the solubility of the
latter in readily available solvents. In Figure 1 it is possible to see the effect of smoothing in
an image taken using an optical microscope at 20× magnification.

Figure 1. Effect of vapor smoothing, (A) the surface as printed, (B) same surface after chemical
smoothing.

2.3. Case Study: Manufacturing of a Carbon Fiber Fuel Tap Protection for a Racing Motorbike

The need of light-weight carbon fiber protection is necessary to protect exposed
components. This prevents debris or contact with other riders from causing the part
to break or malfunction. The fuel cap is particularly exposed in the Husqvarna TC 85
motorbike, and it is therefore necessary to protect it, to avoid dangerous fuel leakage.
The need is to produce protection to be installed on that motorbike for the European and
World championships. This case study was followed by further components designed to
be produced in a very limited series and for the exclusive usage of the team.

2.3.1. Mold Geometry

The starting point was the CAD drawing of the fuel tap guard. The software used is
PTC Creo (PTC Inc., Boston, MA, USA), and the overall dimensions were acquired directly
on the fuel tank by means of a caliper. Once the protection geometry was created, a Boolean
approach was chosen for the construction of the mold. The CAD file of the protection was
modified with the addition of material and draft angles to obtain the correct geometry for
the slot on the mold. Finally, the addition of fittings made it possible to avoid ripples in the
fabric that could rise to defects in the final component. The overall process is summarized
in Figure 2.

Figure 2. Steps followed during the design of the mold cad model, starting from: (A) the actual part,
(B) making the solid block, (C) Cavity extrusion on Mold part, (D) Surface-optimized Mold.
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2.3.2. Printing Strategy and Settings

The printing strategy adopted for this component could also be generalized to other
parts with similar characteristics. Table 1 shows the printing parameters used to create
the component. The first key point is the orientation of the part with respect to the
build platform. Although it is a relatively simple component, there are four possible part
orientations with respect to the print bed, as shown in Figure 3. The software used for
slicing was Cura v4.9.1 (Ultmaker Inc., Zaltbommel, The Netherlands).

Table 1. Applied Slicing Printing Parameters in Cura.

Parameter Value Unit

Layer Height 0.22 mm
Line width 0.4 mm

Wall Line Count 3 -
Z seam position Back Left -

Top Layers 3 -
Bottom Layers 3 -
Infill Density 15 %
Infill Patten Gyroid -

Printing Temperature 205 ◦C
Build Plate Temperature 65 ◦C

Flow 100 %
Print Speed 80 mm/s

Travel Speed 250 mm/s
Retraction Distance 4 mm

Fan Speed 70 %
Regular Fan Speed at Height 0.2 mm

Support Structure Tree -
Support Overhang Angle 60 ◦

Adaptative Layers Maximum Variation 0.02 mm

Moreover, in the first case (Figure 3A), the mold is placed flat on the printing surface.
The idea is to minimize the height of the printed component, thus reducing the total number
of layers to be created. This printing mode allowed us to reduce the printing time, but it
did not reproduce very well the curvature in the build direction of the component due to
the so-called staircase-effect. The action of chemical smoothing can improve the surface
roughness of the component and reduce the staircase-effect. In general, it is necessary to
obtain the best possible surface prior to treatment in order to reduce the exposure time to
solvent vapors. High exposure to the solvent could irreparably damage the surface.

In the second case (Figure 3B), the mold is placed vertically onto the build platform,
leading to a time increase of 5% compared to the previous condition, but the staircase-effect
problem was significantly improved. As a drawback, many supports were generated,
meaning a waste of material and a poor surface finish on supported surfaces. Overall
better mold finish quality could be achieved with the use of soluble supports at the expense
of a significant price increase for the creation of the mold. Moreover, the result in case 3
(Figure 3C) was similar to the previous case, but the generation of supports was reduced,
and the staircase-effect was still present at some points. Finally, the printing position
used in the fourth case (Figure 3D) minimized the generation of supports and allowed the
maximum resolution of the curvature of the mold.
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Figure 3. Part orientation on the buildplate, part helpers in blue.

However, the settings on Table 1 were adopted to further improve the quality of the
mold before the chemical smoothing process to reduce possible imperfections in the cavity.
The seam of the outermost wall was preferentially positioned in the rear corner of the
mold to avoid seams in the cavity, as seen in Figure 4. Thereafter, it was decided to use a
variable layer height, as seen in Figure 5, to further improve the fidelity of the curvature,
whilst speed up the printing process at the same time. The molds were not 100% filled;
a 20% Gyroid type infill approach with three contour lines were used. This allowed us
to obtain molds that could withstand the vacuum lamination process and minimize the
material used.

Figure 4. Seam positioning.
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Figure 5. Preview of variable layer height.

2.3.3. Chemical Smoothing of the Mould Surface

The mold was initially placed inside the Polyshear device in the same position in which
it was printed, and then a 10-min smoothing cycle was performed. Subsequently, it was
turned upside down, and a second 10-min smoothing cycle was carried out. Subsequently,
two molds were printed with the same printing parameters (thus the same gcode), and
both sustained the smoothing process to verify the reproducibility of the process. Both
were left to dry for 24 h at ambient temperature. Figure 6 shows the differences before and
after the smoothing process.

Figure 6. (A) Mold immediately after printing; (B) mold after smoothing treatment. On the top of
the (B) mold are small circular spots; these are due to the support surface during smoothing and the
rotation of 180 degrees. In the lower part of the mold (A) it is possible to see the layers, due to the
staircase effect; on the right they have disappeared thanks to the smoothing process.
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3. Results

3.1. Dimensional Verification of a 3D-Printed Mold with an Optical 3D Scanner

A Faro 3D scanner was used to check the fidelity of the printed model compared to
the designed CAD file. In Figure 7 it is possible to see the cloud of points obtained from
the scanning of the first mold. In order to evaluate the reproducibility of this process, two
molds with the same gcode were printed. Therefore, a comparison with the theoretical,
CAD file could be appreciated in Figure 8, in which the matching was good altogether, as
an absolute range of 0.05 mm was obtained in most of the mold. There were areas on the
inner boundary highlighted in blue where the matching was not accurate. Nevertheless,
the results shown how accurate the printing process was. On the other hand, the overall
printing precision could be improved. A so-called loop optimization could be carried out
to obtain greater fidelity with the cad file. It could be noticed that although the staircase
effect was reduced to a minimum, its effect persisted at some points, where the differences
between the cad file and the printed model were higher.

Figure 7. Cloud of point of the first mold.

Figure 8. Comparison between the CAD model and first mold (A) and CAD model and second
mold (B).
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The visualization tool seen in Figure 9 allowed us to observe small oscillations on
the surface of the two molds. These were probably due to the printing parameters and
could be improved by reducing acceleration and jerk. These oscillations were less visible in
Figure 8 because most result values were in the range of −0.025 +0.025 mm with only the
peak values obtained outside this range.

Figure 9. Zebra stripes effect on the two molds after printing, (left) mold 1 and (right) mold 2.

Furthermore, Figure 10 shows the comparison between the two molds point-clouds
with each other. It could be seen that the reproducibility of printing with this specific
material was very high. In fact, the two molds could be superimposed, as can be seen from
the almost complete green color of the image.

Figure 10. Comparison between the two molds after printing.
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3.2. Dimensional Verification of the 3D-Printed, Chemical-Smoothed Mold with an Optical
3D Scanner

After the first dimensional verification, both molds were subjected to a chemical
smoothing process, as described in Section 2.3.3. Afterwards, dimensional verification with
respect to the CAD file gave the results visible in Figure 11. As expected, the chemical
smoothing process reduced the peaks of innacuracies and filled the valleys, reducing the
overall external dimensions of the component. Once again, the verification was carried
out on both molds printed to evaluate the repeatability of the process, and a comparison
was made with respect to the CAD file values and with respect to the scanning performed
before the smoothing process.

Figure 11. Comparison between the CAD model and first mold after chemical smoothing (A) and
cad model and second mold after chemical smoothing (B).

Afterwards, thanks to the Geomagic visualization tool (3d systems Inc., Valencia, CA,
USA), a comparison with Figure 9 was performed in Figure 12, and it was possible to see a
greater homogenization of the surfaces, which can be seen from the zebra stripes. This was
due to the smoothing process that turned the surfaces smoother and glossier. Additionally,
it was possible to appreciate the effect of smoothing on the dimensional variation of the
component in Figures 13 and 14. The molds before and after treatment were compared.

Figure 12. Zebra stripes effect on the two molds after printing. (left) mold 1 and (right) mold 2.
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Figure 13. Comparison between the scan of mold 1 pre and post smoothing (A) and comparison of
mold 2 pre and post smoothing (B).

Figure 14. Comparison between the scan of mold 1 pre and post smoothing (A) and comparison of
mold 2 pre and post smoothing (B).

From Figure 13 it could be deduced that overall, the dimensional tolerance of the
component after smoothing reached an absolute value of 0.1 mm, with both molds com-
pletely colored green. Figure 14 shows that the treatment was uniform; positive or negative
values also differed in the way in which the software superimposed the two scans and did
not indicate removal or addition of material. Therefore, they must be understood in an
absolute manner. In fact, the software tried to minimize the distance between the points of
one mesh and those of the other, obtaining the result shown.

In Figure 15A the reproducibility of the process can be evaluated. In fact, it can be seen
that the two post-treatment molds differed in an absolute value by less than 0.1 mm, with
the likely analysis almost completely colored green. Figure 15B shows the areas that were
slightly positive and those that were negative, but overall a good matching was obtained,
making it possible to guarantee narrow tolerances.
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Figure 15. Comparison between the two molds (mold 1 (A), mold 2 (B)) after smoothing.

3.3. Carbon Fiber Vacuum Lamination Process

The mold in this study was used to create a part with the vacuum lamination process
to make the component of Figure 2A. It is worth noticing that the FDM-produced mold
did not require the use of a release agent, unlike conventional fiberglass and gelcoat or
metal molds. Therefore, a resin-impregnated carbon fiber cloth was placed directly in the
cavity of the mold, after which a layer of peel ply fabric and a layer of absorbent tissue
were placed and the vacuum was made. The resin used was AERO68® (Rius Composites
SRL, Italy)), suitable for wet-layup laminations at room temperature with carbon fiber,
glass fiber, and Kevlar. The component was then extracted from the mold with the aid of a
plastic wedge and then finished and mounted on the fuel tank. Figure 16 shows a series of
images that summarize the production process of the component.

Figure 16. Carbon fiber component production steps: (A) component lamination and vacuum,
(B) mold opened after resin curing, (C) component just extracted from the mold, (D) trimmed and
finished component, (E) component mounted on the tank.
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4. Conclusions

The procedure highlighted proved to be valid for creating carbon fiber components
produced in very small numbers. The choice of using molds printed in FDM allowed us
to reduce time and costs considerably compared to conventional methods. The need to
obtain a smooth surface of the final component is also fundamental to guarantee optical
and mechanical properties. The chemical smoothing allowed us to obtain a smooth surface,
without using gelcoat or other products/techniques for reducing surface roughness. Over-
all, the quality of the final component was high, but there are margins for improvement,
especially in terms of dimensional tolerances. By knowing the effect of the smoothing
process at a dimensional level approximately, it is possible to modify the starting cad file to
obtain more accurate final dimensions of the mold.

The printing parameters used for the creation of the mold could also be improved. The
correct setting of printing parameters aimed at obtaining a better surface quality, therefore
guaranteeing shorter smoothing times, and reaching higher dimensional tolerances. These
ensure less alcohol absorption by the surface and therefore less time to get the component
finished and ready to be used.

5. Future Developments

Future developments include further printing methodologies for this material, i.e., the
adoption of a lower layer height, that would lead to much longer printing times but an
even higher surface quality.

Additional tests of this element are needed, e.g., if it would be possible to make the
entire mold in cheap PLA and only the outer layer in PVB, after verifying a good adhesion
between the two materials. A possible alternative to PLA could be PETG, in order to further
reduce the costs of a single mold and take full advantage of the existing technologies of 3D
FDM printing and the smoothing technique.

Further research is needed for the vapor-process parameters and how to influence the
surface roughness and the actual fabrications of parts with other materials. Mechanical tests
could be carried out to evaluate the mechanical properties of the carbon fiber components
obtained with this technology.
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Abstract: Polyimide (PI)-based aerogels have been widely applied to aviation, automobiles, and
thermal insulation because of their high porosity, low density, and excellent thermal insulating
ability. However, the fabrication of PI aerogels is still restricted to the traditional molding process,
and it is often challenging to prepare high-performance PI aerogels with complex 3D structures.
Interestingly, renewable nanomaterials such as cellulose nanocrystals (CNCs) may provide a unique
approach for 3D printing, mechanical reinforcement, and shape fidelity of the PI aerogels. Herein, we
proposed a facile water-based 3D printable ink with sustainable nanofillers, cellulose nanocrystals
(CNCs). Polyamic acid was first mixed with triethylamine to form an aqueous solution of polyamic
acid ammonium salts (PAAS). CNCs were then dispersed in the aqueous PAAS solution to form
a reversible physical network for direct ink writing (DIW). Further freeze-drying and thermal
imidization produced porous PI/CNC composite aerogels with increased mechanical strength. The
concentration of CNCs needed for DIW was reduced in the presence of PAAS, potentially because of
the depletion effect of the polymer solution. Further analysis suggested that the physical network of
CNCs lowered the shrinkage of aerogels during preparation and improved the shape-fidelity of the
PI/CNC composite aerogels. In addition, the composite aerogels retained low thermal conductivity
and may be used as heat management materials. Overall, our approach successfully utilized CNCs as
rheological modifiers and reinforcement to 3D print strong PI/CNC composite aerogels for advanced
thermal regulation.

Keywords: polyimide; aerogels; 3D printing

1. Introduction

Polyimide (PI) aerogels have received wide attention because of their low density,
stable mechanical properties, and low thermal conductivity [1]. Aerogels are highly porous
materials for various applications, but they are often limited by their poor mechanical
strength and thermal stability [2]. The capability of aerogels may be expanded by using
engineering plastics such as PI with high mechanical strength and thermal stability [3].
For example, poly(4,4′-oxydiphenylene pyromellitimide), also known by its trade name
Kapton, is a fully aromatic PI that retains its performance over a wide range of temperatures
for application in aerospace engineering, defense, and electronics [4]. Recently, there has
been a growing interest in using porous PI as high-performance aerogels [5]. Typical PI
aerogels are made by the chemical imidization of crosslinked polyamic acids, followed by
supercritical CO2 drying to remove organic solvents within the gels. The lightweight PI
aerogels are especially attractive for thermal insulation [6,7], electromagnetic interference
shielding [8], and aerospace engineering [9]. Nanocomposite PI aerogels can also be used
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as sensors [10] and nanogenerators [11]. However, the fabrication of PI aerogels is still
limited to the traditional molding process. In addition, the large volumetric shrinkage of
PI aerogels during preparation makes it difficult to control the shape of the final product
precisely. It is desirable to achieve complex and customizable designs of PI aerogels to
accurately assemble each component for advanced applications in thermal regulation
and electronics.

Additive manufacturing (AM), also known as 3D printing, is an emerging tool for
polymer processing. Through the layer-by-layer deposition of materials, geometrically
complex objects from computer-aided design (CAD) can be achieved [12]. Light-based
printing such as stereolithography (SLA) and digital light processing (DLP) utilized the
photopolymerization of resins. On the other hand, fused deposition modeling (FDM) and
direct ink writing (DIW) are extrusion-based printing. In particular, DIW is a low-cost and
versatile technique compatible with a wide range of materials [13]. The DIW process prints
the desired objects by extruding materials through fine nozzles. A successful layer-by-layer
deposition is achieved by the proper viscoelastic response of the inks. The ink should
display shear-thinning behavior for facile material extrusion under a high printing rate
and high yield stress for good self-supporting ability [14,15].

Several strategies have been developed to 3D print PI-based materials. For exam-
ple, photosensitive polyamic acids can be prepared by the reaction with common vinyl
monomers [16–18]. Such inks can be used for SLA, DLP, and UV-assisted DIW. It is also
possible to use the ionic interaction between polyamic acids and amine-containing vinyl
monomers to prepare 3D printable inks for UV-assisted DIW and DLP [19,20]. The above
approaches require the chemical modification of polyamic acids and a large quantity of or-
ganic solvents. The thermal imidization also induces a significant shrinkage of the printed
object. Wang et al. demonstrated that DIW with a rapid drying apparatus enabled 3D
printing of PI from poly(amic acid) ammonium salt (PAAS) hydrogels [21]. Water-soluble
PAAS inks can be prepared by mixing polyamic acids and triethylamine (TEA). A careful
selection of polyamic acids and the amines enables the formation of PAAS-based hydrogels
through the potential hydrogen bonding and π–π stacking as physical networks [22]. In
contrast to PI, the printing of PI aerogels has only been sporadically studied. It may be
achieved by the freeze-drying of PAAS hydrogels [23] or using polymer microspheres as
pore-forming agents and rheological modifiers for DIW [24].

Aside from the above methods, 3D printable ink may also be achieved by using
nanoparticles as rheological modifiers. Recently, cellulose nanocrystals (CNCs) have been
intensively studied because of their high elastic modulus and low density [25]. CNCs
are rod-like particles (10 to 30 nm in diameter and few nanometers in length) with high
crystallinity [26]. Indeed, CNCs have been included in chemically imidized PI aerogels [27]
or PI thin films [28] as reinforcement. In addition, the dispersion of CNCs in water forms
hydrogels with percolated networks. The CNC hydrogels exhibit strong shear-thinning
behavior ideal for DIW [29,30]. Interestingly, it has also been demonstrated that the strong
physical network of CNCs could significantly reduce the volumetric shrinkage of aerogels
during the drying process [31].

Although several approaches have 3D printed PI-based materials successfully, the
3D printing of porous PI aerogels has only been sporadically studied. Furthermore, it is
intriguing to utilize renewable nanomaterials such as CNCs to enhance the performance
of PI aerogels further. In this work, we designed 3D printable inks to fabricate PI/CNC
composite aerogels (Figure 1). The ink was mainly composed of water-soluble PAAS by the
complexation of polyamic acids and TEA. CNCs were included in the aqueous solutions of
PAAS to form physically crosslinked hydrogels for DIW. After printing, freeze-drying was
employed as a simple and inexpensive method to make porous structures. Further thermal
imidization of the freeze-dried PAAS/CNC aerogels leads to PI/CNC composite aerogels
with improved mechanical strength and potential for thermal insulation. The physical
network of CNCs effectively reduced the shrinkage of aerogels during preparation and
enhanced the mechanical properties of the aerogels.
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Figure 1. Synthesis and 3D printing of PI/CNC composite aerogels.

2. Materials and Methods

2.1. Materials

4,4-Oxydianiline (ODA, 98%) and triethylamine (TEA, 99%) were purchased from
Acros Organics, Geel, Belgium. Pyromellitic dianhydride (PMDA, >98%) was obtained
from Tokyo Chemical Industry, Tokyo, Japan. Cellulose nanocrystals (CNCs) were obtained
from CelluForce Inc., Montreal, QC, Canada. The diameter and length of CNCs were 2.3 to
4.5 nm and 44 to 108 nm, respectively. N, N-Dimethylformamide (DMF, ACS grade) was
offered by Avantor, Radnor, PA, USA, and was treated with molecular sieves for more than
two days before synthesis. All other reagents were used as received.

2.2. Synthetic Procedures of PMDA-ODA Polyamic Acid

First, 4.806 g (24 mmol) ODA was added to a three-neck flask and mixed with 100 mL
DMF under room temperature and a nitrogen atmosphere. A total of 5.235 g (24 mmol)
PMDA was gradually added to form a polyamic acid precursor solution with a light yellow
color. The solution was then stirred for another four hours to ensure the completeness of the
reaction. Next, the viscous polyamic acid solution was diluted with another 100 mL DMF,
and slowly poured into 600 mL deionized water under vigorous stirring for precipitation.
The yellow polyamic acid was dried in a vacuum oven at 50 ◦C for more than two days
before use. The detailed experimental procedure is summarized in Figure S1.

2.3. Preparation of PAAS/CNC Inks

First, 0.750 g polyamic acid, 0.363 g TEA, and 4.444 g deionized water were mixed in
a glass vial. The solution was sonicated until all materials had dissolved to form the PAAS
solution. Next, 700 mg of CNCs was dispersed in 4.444 g deionized water by a planetary
mixer (MV-300S, CGT, Taiwan) at 1500 rpm for 10 min to form a uniform CNC hydrogel.
Seven Teflon balls were added in the container to deagglomerate the CNC powder better.
Finally, the aqueous PAAS solution was mixed with the CNC hydrogel by the planetary
mixer at 1500 rpm for 30 min. The final concentration of polyamic acid and CNCs was
7.0 wt% and 6.5 wt%, respectively. For comparison, the amount of CNC was adjusted to
make inks with 5.6 wt%, 6.5 wt%, and 7.4 wt% CNCs. Pure PI aerogels were prepared
using a 7.5 wt% polyamic acid solution. Pure CNC aerogels were prepared from the inks
containing only 6.5 wt% CNCs.
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2.4. Rheological Test

The rheological behavior of inks was investigated by a rheometer (HR-2, TA instru-
ments, New Castle, DE, USA) with parallel plates (diameter: 25 mm). The gap between
the two parallel plates was set at 1000 μm. A steady-state shear flow test was used to
measure the viscosity of the inks under different shear rates. The shear storage modulus
(G′) and shear loss modulus (G”) were measured by an oscillatory stress sweep method at
a frequency of 1 Hz. All rheological tests were performed at room temperature.

2.5. 3D Printing of PAAS/CNC Composite Ink

The as-prepared PAAS/CNC ink was transferred into a 10 mL disposable syringe.
The bubbles within the ink were removed by the planetary mixer. A FDM printer (INFIN-
ITY X1Speed, INFINITY3DP, Kaohsiung, Taiwan) was modified for the DIW process by
replacing the extruder with a 3D printed adapter. The syringe was then mounted on a
syringe pump (NE-1010, New Era Instrument, Farmingdale, NY, USA) and connected to
a 0.4 mm conical type plastic nozzle (TPND-22G-U, Musashi Engineering, Tokyo, Japan).
The printer was controlled by Repetier software, and the G-codes were generated from
the Slic3r toolpath generator. Typically, the printing speed was set at 20 mm/s, and the
extrusion rate was 0.155 mL/min.

2.6. Preparation of PI, CNC, and PI/CNC Composite Aerogels

The printed objects were frozen in a −20 ◦C refrigerator overnight. The frozen samples
were rapidly transferred to a freeze dryer and dried for more than two days. The dried
samples further underwent a sequential temperature increase from 80, 120, 180, 240, to
300 ◦C under vacuum to form the PI/CNC composite aerogels. Each temperature was held
for one hour, and the ramping rate was 1 ◦C/min in all cases.

2.7. Characterization

The compression strength was measured using a universal electromechanical testing
machine (AGS-X 100kN, Shimadzu, Kyoto, Japan) equipped with a 10 kN load cell. All
tests were performed following the ASTM-D695 standard.

The shrinkage ratio was calculated based on the following equation:

Shrinkage (%) = 100% ×
VCAD − Vs

VCAD

where VCAD represents the volume of the cylindrical CAD models and Vs is the apparent
volume of the aerogels. Bulk density was calculated by the weight and volume of each
sample after imidization.

Fourier transform infrared spectroscopy (FTIR) was performed using a Nicolet 6700
Fourier transform infrared spectrometer (Thermo Scientific, Waltham, MA, USA). The
scanning region was set from 650 to 4000 cm−1. Resolution and scanning times were set at
2 cm−1 and 32 scans. Solid-state 13C NMR spectra were recorded using a Bruker Avance
III HD 400 MHz NMR spectrometer. Thermogravimetric analysis (TGA) was conducted
on a TGA 4000 (PerkinElmer, Waltham, MA, USA) from 30 ◦C to 700 ◦C under a nitrogen
atmosphere at a heating rate of 10 ◦C/min. The microstructures of the aerogels were
observed using a high-resolution field emission scanning electron microscope (SU-8010,
Hitachi, Tokyo, Japan). The accelerating voltage was 10 kV.

Thermal conductivity (λ) was measured by Hotdisk TPS 2500S (Hot Disk AB, Gothen-
burg, Sweden) with a 5465 f1 type Kapton® sensor and standard isotropic method under
room temperature. The probing depth, heating power, and measuring time were set at
5 mm, 10 mW, and 10 s, respectively. Thermal images were taken by a FLIR C2 thermal
imaging camera (FLIR, Wilsonville, OR, USA). The working distance was around 30 cm.
Samples were placed on a 160 ◦C hotplate. A series of thermal images were taken before
and after 10 min of heating treatment.
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3. Results and Discussions

3.1. Rheological Analysis of the PAAS/CNC Composite Inks

We first explored the effect of CNCs on the rheological behavior of the PAAS/CNC
inks. The concentration of CNCs varied from 5.6 wt% to 7.4 wt%, and polyamic acid was
7.0 wt%. Water-soluble PAAS was prepared by mixing PAA with TEA. TEA also catalyzes
the imidization reaction of PAA to PI [32]. As mentioned earlier, CNCs form a reversible
physical network in water, and a series of rheological analyses can evaluate the strength of
the network. All inks demonstrated significant shear thinning behavior (Figure 2a). For
example, the viscosity for the ink using 6.5 wt% CNCs was 18,134 Pa·s at 0.01 1/s, but it
decreased to 228 Pa·s at 1 1/s. The reduction in viscosity at a high shear rate allows for
the ink to be extruded at a high flow rate. The performance of DIW also depends on the
storage modulus and yield stress. The ink should have a high storage modulus and yield
stress, so the printed inks could stack successfully and even span through unsupported
parts [33]. The yield stress of the ink could be obtained from the intersection between
the storage (G′) and loss modulus (G”). As shown in Figure 2b, all inks exhibited gel-like
behavior with their storage modulus greater than loss modulus at small shear stress. The
gel-like behavior of the inks at low shear stress was found in several works by studying the
suspension of CNCs [29,30,34]. CNCs form a percolating network in ink with finite yield
stress. The ink does not flow if the applied stress is lower than the yield stress. At high
shear stress, the inks transited into a liquid-like state (G” > G′) suitable for DIW because of
the alignment of CNCs [34]. In addition, both storage modulus and yield stress increased
with the concentrations of CNCs. Therefore, the strength of physical networks in the inks
gradually increased with CNCs.

Figure 2. Rheological analysis of the PAAS/CNC inks under different concentrations of CNCs.
(a) Steady-state shear viscosity of the inks. (b) Oscillatory rheological measurement.

From the above result, the inks using 6.5 or 7.4 wt% CNCs were sufficient for DIW
because of their high yield stress (>200 Pa) [15]. Our previous work has shown that a
higher concentration of CNCs (12 to 15 wt%) in water was needed to achieve similar
rheological performance for DIW [35]. Therefore, PAAS may promote the formation of
the physical network by CNCs and reduce the concentration of CNCs needed for printing.
Similar behavior has been found for the dispersion of CNCs with anionic polymers such as
carboxymethyl cellulose [36]. The rheological behavior of CNCs is strongly influenced by
polymers, especially non-adsorbing polymers that have little affinity with the surface of
CNC particles [37,38]. The presence of non-adsorbing polymers significantly reduced the
gelation concentration of CNCs. This phenomenon can be attributed to the depletion force
induced by the non-adsorbing polymers. The polymers lose their conformation entropy
around the CNC particles and formed polymer-depleted regions near CNCs. Therefore, the
difference in osmotic pressure between the depleted region and the bulk polymer solution
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provides entropically driven attraction to promote the gelation of CNCs. We hypothesized
that the depletion-induced flocculation of CNCs also occurred in our PAAS/CNC inks.
PAAS is an anionic polymer [22,32] that should have little adsorption on negatively charged
CNCs. Therefore, PAAS may have a similar behavior to the non-adsorbing polymers [36].
The depletion effect of PAAS then reduced the concentration of CNCs required for DIW.

The effect of polyamic acid on the rheological behavior of the inks has also been inves-
tigated. A CNC of 6.5 wt% and the concentrations of polyamic acid ranged from 4.7 wt%
to 9.7 wt%. All three samples had similar shear-thinning behavior for DIW (Figure S2a).
Figure S2b further shows these inks had a similar response in storage modulus and yield
stress. Although the presence of non-adsorbing polymers promotes the gelation of CNCs,
the effect was less prominent at a high concentration of polymers [36,39]. Based on the
above analysis, we concluded that adding more polyamic acids into the system did not
significantly improve the printability of the ink.

The above results suggest that the viscosity and modulus were mainly determined by
the concentration of CNCs rather than polyamic acids. A 6.5 wt% of CNCs was sufficient
to achieve significant shear thinning behavior and high yield stress for DIW. Based on the
above analysis, we then mainly focused on the effect of CNCs on the properties of the
PI/CNC composite aerogels. We chose the ink with 6.5 wt% CNCs to demonstrate the
printing performance (Figure 3). During the printing process, the ink could be successfully
extruded and stacked layer-by-layer (Figure 3a,b). The printed object then underwent the
freeze-drying process to remove water and form macropores. Further thermal treatment
completed the PI/CNC composite aerogels. As shown in Figure 3d, the thermal imidization
induced only small dimensional shrinkage. The printed object showed good shape-fidelity
compared to our initial CAD design. Some cracks appeared in the imidized samples,
possibly because of the drastic weight loss of the composite aerogels or thermal stress [40]
during the thermal imidization. The presence of cracks may be mitigated by further
adjusting the imidization process. From scanning electron microscopy (SEM), we found
that the printed PI/CNC aerogels had high spatial resolution as expected (Figure 3e), and
small pores could be observed on the surface of the aerogels (Figure 3f). Furthermore, a
cylindrical model with a high aspect ratio was printed using the PAAS/CNC ink (Figure S3).
The ink could successfully be stacked up to 70 layers (28.22 mm in height), indicating the
high yield stress and the printability of the PAAS/CNC ink.

Figure 3. Performance of the PAAS/CNC ink for DIW. (a) The printing process. (b) The printed mesh
structure. (c) The printed mesh after freeze-drying (d). The printed mesh after thermal imidization.
(e,f) SEM images of the mesh after thermal imidization under different magnification.
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3.2. Chemical Analysis of the PI/CNC Nanocomposite Aerogels

The PI/CNC aerogels were analyzed by FTIR to probe the degree of imidization
(Figure 4a). The PI aerogel without CNCs and the pure CNCs aerogel were used for a
comparison. Pure PI aerogels had two peaks at 1776 cm−1 and 1721 cm−1, corresponding
to the asymmetrical and symmetrical C=O stretching of the imide ring, respectively [8].
The peaks at 1500 cm−1 and 1375 cm−1 came from the C=C stretching of the aromatic
ring and the C–N stretching of the imide ring. Besides these characteristic peaks of PI,
the absence of signals at 1540 and 1660 cm−1 (amide II and C=O stretching of amide) also
implied a successful imidization of the pure PI aerogels. As shown in Figure S4, the pure
CNC aerogel had a broad peak around 3400 cm−1, corresponding to the hydroxyl groups
on CNCs. The FTIR spectrum of the PI/CNC aerogels was similar to that of the pure PI
aerogel, suggesting that the imidization was not affected by CNCs. Mixing CNCs with
PAAS did not affect the final cyclization process of PAAS to PI. In addition, the PI/CNC
aerogels also showed the characteristic peak of the hydroxyl group at 3400 cm−1. Therefore,
a significant amount of CNCs remained in the composite aerogels, even after the thermal
imidization process.

Figure 4. (a) FTIR spectra of the aerogels. (b) Solid-state 13C NMR spectra of the aerogels. (c) TGA curves of aerogels. The
PI/CNC aerogel was prepared by using 6.5 wt% CNCs.

Solid-state 13C NMR was also used to probe the interaction or chemical bonding
between PI and CNCs in the composite aerogels (Figure 4b). The characteristic signals
of CNCs were found at 65.6 ppm (C6 crystalline), 70–75 ppm (C2, C3, C5), 84–89 ppm
(C4), and 104.9 ppm (C1) [41]. In both pure PI and PI/CNC aerogels, we found the
peaks of C=O imide moiety (165.6 ppm), phenoxy carbon (156.2 ppm), and the peaks of
aromatic rings (115–134 ppm). These signals were similar to early reported results [42,43].
The peaks around 170–190 and 70–90 ppm were attributed to the spinning sidebands
by the magic angle spinning [44]. The main signals of CNCs could also be found in the
composite aerogels, suggesting that most CNCs were not degraded by thermal imidization.
In addition, esterification might also occur between the carboxylic acid groups of PAA and
the surface hydroxyl groups of CNCs during the thermal treatment. As we did not find
any new signals in the PI/CNC composite aerogels, the reaction between PAA and CNCs
should be minimal and the CNCs mainly acted as rheological modifiers and reinforcing
agents. The above results also suggest that complete imidization was achieved in the
composite aerogels and a significant amount of CNCs still remained.

Besides FTIR and solid-state NMR, we also used TGA to confirm the completeness of
the thermal imidization process (Figure 4c). Aromatic polyimides typically possess great
stability in a high-temperature environment. For the pure PI aerogel, no significant weight
loss was found until 550 ◦C, and the final char yield was 51%. The onset temperature of
degradation was approximately 576 ◦C, indicating a high-temperature tolerance of the
pure PI aerogel. On the other hand, the pure CNCs aerogel decomposed around 290 ◦C and
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showed a char yield of 7 wt% at 760 ◦C, similar to the previous report [27]. The PI/CNC
composite aerogels had two degradation temperatures around 300 ◦C and 540 ◦C. The first
onset of decomposition at 300 ◦C was the degradation of CNCs, and the second one at
540 ◦C should be the thermal decomposition of PI. We also found that the thermal stability
of CNCs increased slightly in the PI/CNC aerogels, but the decomposition temperature of
PI decreased slightly. The improved thermal stability of CNCs in the composite aerogels
may come from the hydrogen bonding between the surface hydroxyl group of CNCs and
PI [45]. Although CNCs may degrade around the thermal imidization temperature (300 ◦C),
a large quantity of CNCs still remained in our PI/CNC aerogels based on the results of
TGA. We then recorded the weight of each freeze-dried sample before and after the thermal
imidization process to understand the degradation behavior of CNCs (Figure S5). For
the pure PI aerogel without CNCs, a significant loss of weight to 42.3% was observed.
This result could be attributed to the loss of water by imidization and the evaporation
of TEA. If a similar degree of weight loss occurs in the composite aerogels, the 6.5 wt%
CNCs sample should only lose 25.8% of its weight. However, the observed weight loss
was 32.4%, indicating that some CNCs degraded during the thermal imidization process.
The degradation of CNCs was more significant in the aerogels with 5.6 wt% CNCs than
the other composite aerogels. Fortunately, a significant amount of CNCs remained in
the aerogels prepared by 6.5 wt% and 7.4 wt% CNCs. Based on the above results, we
expect that the weight loss of CNCs should be minimal, even at 300 ◦C if there is a high
concentration of CNCs. This result may come from the enhanced thermal stability of CNCs
in the composites, as indicated by our TGA analysis. Although lowering the imidization
temperature could preserve CNCs in the composite aerogels, the mechanical properties of
PI may be compromised [46].

3.3. Internal Morphology of the PI/CNC Nanocomposite Aerogels

We further analyzed the internal morphologies of the aerogels prepared using different
concentrations of CNCs. Figure 5a,c shows that the PI/CNC aerogels prepared by 6.5 wt%
CNCs had a lamellar structure. This morphology was consistent with the previous work
studying CNC aerogels prepared under a slow freezing rate [47]. The paralleled pores
came from the anisotropic growth of ice crystals along the freezing front. The pure PI
aerogels generally showed a smaller pore distribution, but the lamellar morphology was
less pronounced. In addition, the morphology of the aerogels using different concentrations
of CNCs was similar (Figure S6), indicating that the presence of CNCs was sufficient to form
the lamellar structure. We also examined the morphology of the freeze-dried pure PAAS
and pure CNC aerogels (Figure S7). The PAAS aerogels also contained some parallel sheet-
like structures, indicating that anisotropic growth of ice crystals still occurred. However,
such structures generally disappeared after thermal imidization, potentially because of the
shrinkage of the aerogels. On the other hand, the freeze-dried CNC aerogels formed pores
much larger than the composite aerogels. This result was expected as a low concentration
of CNCs was not enough to form strongly packed networks. The pure CNCs aerogel was
also too fragile for further studies. The results of the microstructures further support our
rheological analysis. The physical network of CNCs was facilitated by the presence of
PAAS in the inks. Although the pure PI aerogels contained smaller and denser pores than
the composite aerogels, the lamellar structures induced by CNCs may further enhance
the thermal insulation performance of the aerogels. Some studies have attempted to
control the growth of ice crystals to modulate the thermal insulation of aerogels in different
directions [6,9]. We are currently investigating the possibility of integrating 3D printing
and directional freezing.
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Figure 5. Cross-sectional SEM images of the aerogels after the thermal imidization process. (a,c) The
PI/CNC composite aerogel using 6.5 wt% CNCs. (b,d) Pure PI aerogel.

As implied in the internal morphologies, CNCs should significantly reduce the shrink-
age of the aerogels during preparation. The degree of shrinkage is summarized in Figure 6a.
As the concentration of CNCs increased, the volumetric shrinkage generally decreased,
suggesting that the aerogels had higher shape-fidelity after imidization. The PI/CNC
composite aerogels only had about a 10% decrease in volume after freeze-drying. Further
imidization reduced the volume of the composite aerogels, but they still retained more
than 70% of the initial volume.

Figure 6. (a) Volumetric shrinkage ratio of aerogels after freeze-drying and after thermal imidization.
(b) The appearance of aerogels before and after thermal imidization.

In contrast to the composite aerogels, the pure PI aerogels had a much higher shrinkage
ratio, up to 60%. These results demonstrate that CNCs could strengthen the polymer
matrices during freeze-drying and thermal imidization. As shown in Figure 6b, the pure
PI aerogel shrank and wrapped significantly after thermal imidization. In contrast, the
composite aerogel and the pure CNC aerogel only shrank slightly. However, the color of the
pure CNC aerogels became darker, indicating that some CNCs were thermally degraded.
Figure S8 shows the result of the bulk density. The bulk density of the composite aerogels
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increased with the concentration in CNCs because of the increased solid content. The
severe shrinkage of the pure PI aerogel also led to a high bulk density.

3.4. Performance of the PI/CNC Composite Aerogels

The mechanical properties of the PI/CNC composite aerogels were studied, as shown
in Figure 7. All samples followed the typical compression stress–strain curves of aerogels
including an elastic zone, a platform zone, and a dense zone [48]. The pure PI aerogel
had the lowest compression modulus. On the other hand, the compression modulus and
maximum stress increased with the concentrations of CNCs. In general, the modulus of
aerogels increases with their density [49]. As mentioned earlier, the pure PI aerogels gener-
ally had smaller and denser pores than the composite aerogels because of the shrinkage
during thermal imidization. As a result, the density of the PI aerogel was similar to the
composite aerogels. Under a similar bulk density, CNCs greatly reinforced the aerogels
during compression. Although the pure PI aerogels contained dense and small pores that
are generally desirable for strong aerogels, the effect of CNCs was more significant. As
shown in Figure 7b, our PI/CNCs demonstrated a high compression modulus ranging
from 6.40 to 13.64 MPa. The mechanical stiffness was higher than the previous works using
a lower concentration of nanofillers [6,8,48]. Therefore, a sufficient concentration of CNCs
provides both 3D printability and high mechanical strength.

Figure 7. Mechanical properties of the aerogels using different concentrations of CNCs. (a) Compres-
sive stress–strain curves. (b) Comparison of compressive modulus.

Finally, we compared the thermal insulation ability of the aerogels. Figure 8a shows
a series of thermal images for pure PI, pure CNCs, and three composite aerogels with a
cuboid shape. These aerogels were placed on a hot plate at 160 ◦C. After 10 min, we found
that all samples retained a temperature below 80 ◦C, suggesting they all had low thermal
conductivity. The concentration of CNCs appeared to have minimal effects on the thermal
conductivity of the aerogels based on the thermal images. Indeed, the thermal conductiv-
ities of the composite aerogels with 5.6 wt% and 6.5 wt% CNCs were 89.39 ± 0.087 and
92.27 ± 1.03 mW/m·K, respectively. This result was comparable to the thermal conduc-
tivities of the PI aerogels prepared by the supercritical CO2 drying [50] and bidirectional
freezing [6]. We also attempted to measure the thermal conductivity of the pure PI, pure
CNCs, and the composite aerogels with 7.4 wt% CNCs. However, the accurate measure-
ment could not be achieved because these samples typically had low mechanical integrity
or high surface roughness.
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Figure 8. The thermal insulation performance of aerogels. (a) Infrared images of pure CNC aerogel, pure PI aerogel, and
PI/CNC aerogels with different concentrations of CNCs. The sample size was 2.8 × 2.8 × 0.4 cm3. (b) 3D printed pyramid
and grid of PI/CNC aerogels.

In addition to common cuboid structures, we also placed a 3D printed pyramid on the
hotplate (Figure 8b). The pyramid was 1 cm in height with 30 printed layers, indicating the
robust printability of inks. We found that there was a gradient distribution of temperature
from the hot plate to the top of the printed pyramid. Therefore, the 3D printed sample
still had good thermal insulation ability, as expected. A grid with a finer surface structure
than the mesh in Figure 3 was also printed for the thermal image analysis. As shown
in Figure 8b, the temperature distribution of the grid depended on the macrostructure
enabled by 3D printing. Therefore, 3D printing could provide an opportunity to locally
control the temperature distribution and modulate the overall thermal conductivity of
the aerogels. Although some effective designs could also be fabricated by molding, 3D
printing is a rapid test of different macrostructures. The combination of thermal insulation
capability and 3D printability of our PI/CNC composite aerogels may enable the easy
production of a customizable design for advanced applications.

Our results indicate that CNCs can be used as renewable fillers to 3D print PI/CNC
composite aerogels with enhanced mechanical strength. Although our PAAS/CNC ink was
printed under room temperature, several previous works preheated the inks to reduce the
viscosity of the ink, facilitate material extrusion, and extend the printable time [21,23,51].
The printing speed and resolution may be further improved by selecting a suitable heating
parameter. Further work is being conducted to understand the effects of temperature
and heating time on the rheological behavior of the PAAS/CNCs inks. In addition, DIW
can be used to align CNCs by controlling the shear stress during printing [29,34]. The
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aligned CNCs in the composites exhibited anisotropic mechanical response and optical
properties. The alignment of nanomaterials can also be achieved by high-resolution aerosol
jet printing [52]. Therefore, the mechanical stiffness and thermal insulating properties of
the PI/CNC aerogels may also be controlled by the printing process.

The low degradation temperature of CNCs limits the overall thermal stability of the
aerogels compared to PI. The thermal resistance of the PI/CNC aerogels may be improved
by the surface modification of CNCs [53,54]. In addition, the thermal insulation capability
of the PI/CNC aerogels was affected by the distribution and the direction of pores [6].
Although our work only showed the 3D printability of the PI/CNC composite aerogels,
we envision that a further combination of 3D printing with other pore-forming strategies
may produce robust PI-based aerogels with enhanced thermal regulation performance.

4. Conclusions

In this study, we utilized CNCs as renewable nanofillers to prepare water-based inks
for the 3D printing of PI composite aerogels. Freeze-drying and thermal imidization of
the printed objects produced porous PI/CNC composite aerogels. The potential depletion
effect by PAAS promoted the gelation of CNCs and reduced the required concentration of
CNCs for DIW. In addition, the strong physical networks of the CNCs increased the thermal
stability of the porous structures and reduced the shrinkages of the aerogels after thermal
imidization. Furthermore, CNCs reinforced the PI/CNC composite aerogels to provide
high mechanical strength. Our composite aerogels exhibited low thermal conductivities
for thermal regulation. Overall, our work demonstrated a simple way to print PI aerogels
with customizable shapes, low density, and high mechanical strength. The 3D printing of
high-performance composite aerogels may further enable advanced and rapid design of
thermal insulating materials to precisely control the local temperature distribution of the
target device.

• High-resolution printing by DIW can be achieved by using the ink containing only
6.5 wt% CNCs.

• Chemical analysis showed that a significant amount of CNCs remained in the com-
posite after thermal imidization, and CNCs displayed improved thermal stability.

• CNCs significantly reduce the dimensional shrinkage of the aerogels during prepara-
tion and enable the 3D printing of aerogels with high shape fidelity.

• The PI/CNC composite aerogels demonstrated increased mechanical stiffness and
sufficient thermal insulating capability.
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Weight loss of the freeze-dried samples after thermal imidization; Figure S6: Cross-sectional SEM
images of the composite aerogels after the thermal imidization process; Figure S7: Cross-sectional
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Abstract: Additive manufacturing processes have evolved considerably in the past years, growing
into a wide range of products through the use of different materials depending on its application
sectors. Nevertheless, the fused deposition modelling (FDM) technique has proven to be an eco-
nomically feasible process turning additive manufacture technologies from consumer production
into a mainstream manufacturing technique. Current advances in the finite element method (FEM)
and the computer-aided engineering (CAE) technology are unable to study three-dimensional (3D)
printed models, since the final result is highly dependent on processing and environment parameters.
Because of that, an in-depth understanding of the printed geometrical mesostructure is needed
to extend FEM applications. This study aims to generate a homogeneous structural element that
accurately represents the behavior of FDM-processed materials, by means of a representative volume
element (RVE). The homogenization summarizes the main mechanical characteristics of the actual
3D printed structure, opening new analysis and optimization procedures. Moreover, the linear
RVE results can be used to further analyze the in-deep behavior of the FDM unit cell. Therefore,
industries could perform a feasible engineering analysis of the final printed elements, allowing the
FDM technology to become a mainstream, low-cost manufacturing process in the near future.

Keywords: FEM; FDM; additive manufacturing; microstructure behavior; linear analysis; RVE

1. Introduction

The process of three-dimensional (3D) printing, known as additive manufacturing
(AM) has achieved an unexpected evolution. The ability of producing most kinds of
complex, irregularly shaped geometries is an asset for this technology. Moreover, the rapid
increase in design software makes 3D printing ideal for manufacturing custom components
impossible to be produced at the industrial level by using standard processes. Nowadays,
many AM technologies for polymers offer high levels of material and aesthetics quality
such as stereolithography (SLA), selective laser sintering (SLS), digital light processing
(DLP), and ink-deposition technologies including the Polyjet (patended by Stratasys [1–5].
In contrast, these methodologies may result expensive due to the uniqueness of each
process, materials availability, and the need of a more expensive, specialized equipment [6].

Fortunately, the fused deposition modelling (FDM) technology have evolved substan-
tially over the last years, with the arrival of a wide range of filaments and materials, leading
to higher manufacturability and aesthetic quality. In addition, subsequent advances on
printing machines have led to multi-material deposition and finer surface quality. Soft-
ware also offers a wide range of possibilities from open sources to commercial solutions
underlying the interest in G-code optimization. To catch the opportunity of making FDM
available for industrial applications, it is necessary to deeply understand and predict the
behavior of printed components. The derived mechanical tensile response and the elon-
gation percentage of the part would help designers to close an important gap to product
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industrialization. The studies currently available in the literature present limited results
or focus on a single component and are difficult to be extended, such as the study of
Somireddy et al. that considered the behavior of a foil section [7]. Although the proposed
model is built on an image of a printed section, it does not allow reducing the size of voids
and therefore a variable model was not obtained. Furthermore, the tests conducted used
beam elements, but the number of elements was enormously high, and it was a difficult
approach to apply on large components. The model presented by Bhandari et al. is very
interesting, because it divided the model into two well-defined areas, i.e., the infill and
the contour lines [8]. The infill is schematized as a series of beams, and the contour act as
shell elements. Again, it is difficult to extend the model to complex components, but it is
very interesting from a mathematical point of view. The study of Garg and Bhattacharya
proposes a methodology that faithfully reproduces the layer and line deposition typical of
the FDM-printed model [9]. However, it is extremely computationally demanding to mesh
each individual line with enough elements. Following this approach, even the simplest
geometry requires extremely high computing power and time. This proposal builds a
model based on the image analysis of the mesostructure of the molded component. In this
way, the representative volume element (RVE) model is not fixed in its dimensions, but
every time the material or printing parameters are changed based on the image analysis.
Thanks to the RVE model, it is then possible to use macroelements that summarize the
mesoscopic properties of the component and allow complex components to be studied
with relative ease.

1.1. FDM Part Micromechanics

It is known that AM is a technology in which its understanding relates to the high
variability of the process and environment characteristics. This variability can be trans-
lated into correct parameter definition issues, which otherwise would lead to an internal
anisotropy, making this type of resulting material very complex to analyze. Extruded
material irregularities due to FDM processes are discussed previously by Lee et al. [10] and
Kotlinski et al. [11], which agree that anisotropy leads to limitations in obtaining feasible
prototype properties. Currently, only a few studies currently have started to analyze the
internal behavior of FDM-produced parts. An FEM modelling of the mesostructure of FDM-
printed parts was discussed by Somireddy et al. [12]. The FEM analysis was used to find
the elastic modulus of a single printed layer of a unidirectional (UD), polymer-extruded
material. The authors have laid down an understanding in order to gather an FEM analysis
that took into account the anisotropic behavior of the 3D printed part. Additionally, the
study of Bhandari and Lopez-Anido underlies a distinctive, rather interesting approach
to material anisotropy [8], as the FEM analysis was performed in a lattice-like internal
structure, with an about 20% difference in Poisson’s ratios with respect to the test values.

Nevertheless, the accurate analysis of the mesostructure of the printed material is
therefore needed to gather an FEM methodology that could allow the analysis of whole
structures manufactured by FDM. By understanding the variability characteristics of the
printed structure in a single, homogeneous element helps to further study the part’s
macroscopical behavior. The analysis of composites structures as an unique element in
FEM could assess accurately changes by any of their components, being able to differentiate
different resins analogous to those in the study by Croccolo et al. [13]. A second study by
Somireddy et al. established a numerical homogenization procedure for a more efficient
material modeling of the printed parts [14]. This model claimed to gather the influence of
printing variables such as build orientation, printing direction, and layer thickness. A layer
deposition influence is noted as well, and it has been stated that the material responses
to different parts of the modelled structure are dependent on the build orientations and
thicknesses of the parts.
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1.2. RVE FEM Analysis

Computational analysis tools have given engineers the capacity of create new method-
ologies able to enhance the understanding of physical phenomena in modern, multimate-
rial, anisotropic problems. The state-of-the-art developments of complex structures have
evolved thanks to the introduction of composite materials. Nowadays, some analysis of
yield and failure theories in polymer–matrix composites (PMCs) are possible [15]. This is
due to a unified theory that can be used to predict their nonlinearity and strength by also
considering the anisotropy and tension-compression asymmetry simultaneously. Another
one-parameter yield function was proposed earlier by Sun and Chen to establish a nonlin-
ear plastic model for UD PMCs [16,17]. Additionally, Mellinger et al. described polymer–air
composites, and they showed that they are elastically softer due to the air content and
in relation to the size and shape of the polymer walls [18]. This behavior defines foam
structures as described by Ashby in [19]. Because of these considerations, the influence
of air is relevant with respect to its volume, and it should be considered for FDM-made
component simulations. Using FEM software is indeed possible to calculate mechanical
behaviors of anisotropic materials, i.e., composites, using a micromechanical RVE [20]. RVE
is the smallest volume in which a measurement can be made in order to homogenize the
entire domain. In the studied case, a periodic unit cell is a simpler choice. ANSYS software
elaborates the area of analysis by means of the material cross-section geometry. The RVE
study of Bhaskara et al. started from periodic boundary conditions, applied to the RVE to
calculate elastic modulus of composite elements, which are characterized as an anisotropic
behavior [21]. Most micromechanical models are applied to a composition of fibers im-
mersed in a matrix, so that an RVE or unit cell can be insulated. This methodology is used
to study composite materials (e.g., UD carbon fibers in an epoxy matrix) and anisotropic
materials in general. Because of the similarity between long-fiber RVE and FDM deposition,
the authors choose this approach to analyze the resulting mesostructure of a 3D printed
component. Printed lines are similar to UD carbon fibers composites. The voids between
lines resemble the structure of porous materials such as foams. FDM-printed parts are in
fact made of air and polymeric materials and can be considered “composites”.

The RVE methodology has proven to show good results for the analysis of anisotropic
materials.

2. Materials and Methods

2.1. Microstructure Definition

It is necessary to define the minimum volume to be analyzed by means of the RVE.
Because of the previous literature findings and the study performed by Grimal et al. [22], it
is possible to state that the structure of a 3D printed material can be defined as periodic.
The aim of this research was to create a methodology to study the behavior of 3D printed
components. This model would start from a linear, discrete model and then be extended
to a model that can consider diverse material and process variabilities that deliver such
nonlinearities to polymeric materials due to the 3D printing process. Furthermore, to
guarantee the continuity between both models, it was decided to use a unit cell with an
actual size slightly greater than that of a single line. However, Section 3.1 highlights this
aspect in the linear field. Considering overlapping lines revealed no loss or addition of
information by varying the size of the RVE.

2.2. Model Considerations

• The material used to validate this model was polylactic acid (PLA). The average
material values used for the Young’s modulus, Poisson’s ratio, and density came from
specimens made through injection molding [23–25].

• The stress–strain behavior of the material was approximated as linear. This allowed
simplifying the problem but limits the validity of the model to small deformations,
while generally the behavior of polymers is nonlinear.
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• The model does not take into consideration that there is a preferential orientation of the
polymer chains along the direction of extrusion during the 3D printing process. [26].
The value of the mesoscopic geometry plays a key role, given the fact that such
geometry defines the anisotropy of the structure. Different geometry schematizations
led to different results from both a numerical and a physical point of view.

• The condition of “perfect bonding” was set between various layers, so the assump-
tions that the adhesion is perfect at the interface between one layer and the next and
between one line and the adjacent one was taken. This hypothesis allowed keeping the
model linear, avoiding problems of nonliner contact behavior. Due to this hypothesis,
the results reported higher values for E22 and E33 (Young’s moduli along directions
perpendicular to the fiber direction) and the shear modules, according to the refer-
ence system, as seen in Figure 1. However, E11 (Young’s modulus along the “fiber”
direction) should remain unchanged because it is not affected by the layers’ adhesion.

Figure 1. The representative volume element (RVE) and the reference system.

However, the possibility of an optimization of the microstructure in order to reduce
voids, as previously presented in [27], was not taken into consideration. This is due to the
hypotheses considered in this study beforehand that established a perfect bonding with no
lines or layer boundaries. An optimization process will lead to no appreciable result.

The specimens were made with an E3D Tool-changer 3D printer, and the toolpath
(G-Code) was obtained using Cura 4.9.1 (Ultrecht, The Netherlands) free slicing software.

The main printing parameters are reported in the Table 1; it should be noted that
different printers, with the same type of material but from a different supplier (brand),
would give different results in terms of microstructure. An image analysis on the specimen
failure section is always necessary to evaluate the obtained geometry and therefore to
remodel the RVE accordingly. To sum up, different volume-area ratios of voids produce
different behaviors in various directions.

Table 1. Slicing parameters.

Slicing Parameter Value

Layer height 0.15
Extrusion multiplier 100%

Line width 0.4 mm
Cooling 100

Print temperature 205 ◦C
Bed temperature 65 ◦C

Default printing speed 60 mm/s
Line direction 90◦ *

* Lines were printed along the X direction, considering the reference system reported in both Figures 1 and 2.
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Figure 2. Dimensions of the specimen at the end of the slicing process in Cura.

2.3. Additional Image Analysis Considerations

The specimen microstructure was obtained using an optical microscope with a 20×
magnification. The specimen must be long enough to allow the printing speed and extru-
sion rate to stabilize. To simplify the geometry of the RVE model, the specimen must be
printed with lines parallel to the largest dimension of the specimen, as shown in Figure 2,
in order to be able to clearly and uniquely highlight the microstructure, once broken at 90◦

with respect to the largest dimension. The choice of creating a parallel line RVE model is
dependent by the following reasons:

• Overlapping parallel lines are always found on the contour (perimeter) of the compo-
nent. An example is thinner wall parts in general; in this case, the walls often form
the entire structure of the printed component. This is not the conventional way of 3d
printing, but it is still significant for certain type of parts.

• On tests carried out on FDM-printed components, where bending and torsional loads
were predominant, compared to tensile loads, it was observed by the authors that
the initialization and propagation of cracks started from the external surface of the
component. This is a further incentive to create an RVE model with parallel lines to
understand better the behavior in that location.

• The presented model is linear with a constraint of the perfect adhesion between layers,
leading to a simplified model for tensile tests. In any case, it is possible to create a
45◦–45◦ RVE model by using the same methodology but needs the study of a new
RVE model.

When the printer started extruding a new line, its speed started from zero and grew
up to the cruise value in accordance with the acceleration set in the Firmware or directly in
the slicing software.

Furthermore, the extruded material flow could vary in areas where the speed was
not constant, changing the volume/area ratio of the voids. There are effective solutions to
adjust the material flow rate during the acceleration and deceleration phases, for example
“coast at end” and “retraction extra prime amount” in the slicing software or even directly
in the Firmware such as “Lin advance” in Marlin firmware. The possibility of a nonperfect
matching between the general and the local microstructures in these areas may still exist.

The specimen must be broken in a brittle manner, and the failure must be carried out
in the central area of the sample. In many cases, the need for a heated bed platform is
essential to ensure adhesion to the build plate.
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The height of the first layer was extremely dependent on the calibration of the distance
between the nozzle and the build plate. The combination of these two aforementioned
factors can produce a series of layers with variations in microstructure. The image necessary
to create the RVE model must therefore be taken in the medium–high parts of the specimen,
as shown in Figure 3, to avoid influences on the height of the first layer and the temperature
of the printing surface.

Figure 3. Workflow of geometry selection.

2.4. Input Data

The geometry used was similar to a UD-fiber composite RVE and was therefore com-
posed by PLA and “Air”. The second one is necessary for the definition of the elementary
volume which needs to have parallel plane faces with the same number of nodes on the
opposite surfaces. This type of mesh is called periodic mesh. The reference values for these
materials are given in Table 2.

Table 2. Material properties.

Material Young’s Modulus (MPa) Shear Modulus (MPa) Poisson’s Ratio

PLA 3000 740 0.35
Air 1 × 10–6 - 0

Moreover, the values of the “Air” material were assumed from the Ansys database,
and they had no structural meaning in the simulation. The influence of this material on
the mechanical behavior of the structure was in fact irrelevant. It could have a nonzero
influence in the case of the thermal analysis of cooling or heating of the component being
air as an insulating material. However, this analysis is beyond the scope of this study,
and therefore for the simplicity and clarity, the “air” material was considered “linear
elastic” to maintain compatibility in the simulation. The air material results, however, were
mandatory to perform the RVE analysis, since the calculation of the various modules was
weighed on the lateral area of the RVE. Therefore, for the simplicity of calculation of the
software, it is a good practice to keep a parallelepipedal shape.

Moreover, since it is currently a linear model, it is only valid for small deformations.
However, if a large deformations analysis is performed with nonlinearities or thermal
analyses, the contribution of air would be crucial for validating the idea of implementing
air in the system.
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2.5. Geometry

The geometry followed the observations under the microscope. The dimensions were
obtained by analyzing the section image of the specimen. It was decided to consider a
single unit of length for the “Z” direction. The schematization of the printed lines was
made considering an ellipsoidal section, while the contact areas were defined as continuous
between adjacent lines and adjacent layers. Figure 4 shows that four lines were chosen in
the definition of the RVE.

Figure 4. RVE model. The polylactic acid (PLA) mesostructure is indicated in yellow, and air is
indicated in green.

2.6. Loads and Constraints

In order to evaluate the characteristic modules of the homogenized material, it is
necessary to apply particular boundary conditions to the fundamental volume. Specifically,
Neumann conditions were not applied to the structure, but only Dirichlet conditions. Since
the elementary volume was a part of the total volume, its behavior will be symmetrical
with respect to the opposite surfaces. This involves the application of periodic boundary
conditions to the model studied [28]. To clarify this, equations of the two-dimensional (2D)
version are reported as Equation (1). The obtained 3D version of Figure 5 is an extension
of these conditions. The displacement of the N-th node in the X and Y directions, UN∗

(x,y) ,
were defined as follows:

UNB
(x,y) − UNA

(x,y) − UN2
(x,y) + UN1

(x,y) = 0

UNC
(x,y) − UND

(x,y) − UN4
(x,y) + UN1

(x,y) = 0
(1)

Figure 5. Two-dimensional (2D) RVE model for the application of boundary conditions.
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Subsequently, in order to find out the mechanical characteristics, particular conditions
of the imposed displacement were studied afterwards. Figure 6 represents a schematization
of various load cases. In Figure 7, there is the detailed 2D schematization of how the
various shear moduli were calculated. Taking the G12 case and element characterization
as examples, Young’s modulus E, Poisson’s ratio ν, and Shear modulus G were calculated
according to [29]:

E =
Stress

Axial strain
(2)

ν =
−Transvers strain

Axial strain
(3)

E11 =

∑ Front sur f ace nodal f orcesin 1−Direction

Front sur f ace area (H×W)

ΔL
L

(4)

G12 =

∑ Top sur f ace nodal f orces in 1−Direction

Top sur f ace area (L×W)

Δ1
H + Δ2

L

(5)

G =
Shear stress

Tensors o f shear strain
(6)

ν12 =
ΔH
H

ΔL
L

(7)

ν13 =
ΔW
W
ΔL
L

(8)

Figure 6. Load cases in the RVE model. The red arrows indicate the directions of the imposed displacement on the RVE.
Software axes 1, 2, and 3 indicate the X, Y, and Z directions.
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Figure 7. (a) Deformed part schematization of displacement to evaluate G12; (b) 3D schematization
of the load case to evaluate E11 and Poisson’s ratios ν12 and ν13.

3. Results

The obtained simulation results defined in the precedent chapter are displayed in
Table 3.

Table 3. Homogenized elastic properties.

Property Value Unit

E11 2729 MPa
ν12 0.35 /
ν13 0.35 /
E22 2193 MPa
ν21 0.28 /
ν23 0.29 /
E33 2259 MPa
ν31 0.29 /
ν32 0.3 /
G12 870 MPa
G13 897 MPa
G23 790 MPa

As expected, there was a decrease in values in all directions due to the presence
of voids in the structure. As for E11, its value was closely related to the resistant area,
regardless of the geometry drawn. Along the direction of the lines, Young’ s modulus was
in fact the highest, similar to the behavior of UD composites. The E22 and E33 responses
depended on the contact area between adjacent lines and layers. By varying the printing
parameters, it is possible to modify the geometry and its modules in the Y and Z directions.
In the presented case study, the RVE model was linear, and there was a constraint of
perfect adhesion between one layer and the next, i.e., continuity between the material
of one line and the adjacent and overlying one. There would be a rather linear increase
in the various moduli (Young’s and shear moduli) by varying the size of the voids and
therefore increasing the contact area between the lines, until there were no more voids in
the structure. Three kinds of RVE with different void dimensions were considered and
tested, as shown in Figure 8. The same dimension of the RVE and the basic dimensions of
the lines were maintained as reported in Figure 3. An increase of the contact area between
the printed lines was obtained by keeping the same dimension of the RVE and reducing
the voids dimension.
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Figure 8. Increased RVE void length dimensions in Y and Z directions, respectively: (a) lengths of
0.07 and 0.28 mm; (b) lengths of 0.05 and 0.26 mm; (c) lengths of 0.03 and 0.24 mm.

Such reductions could be demonstrated by using the methodology proposed by
Patrich et al. [27]. However, the variations of Young’s modulus and the Shear modulus
values with respect to the relative density could be seen from the graphs reported in
Figure 9. The data are shown in a similar manner as the reported research on a foam-like
material by Imwinkelried [30] and Goods et al. [31], as the values increased in a linear way.

Figure 9. Cont.
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Figure 9. Variations of Young’s modulus and the Shear modulus with respect to the relative density.

Consequently, shear moduli G12, G13, and G23 were reduced compared to those in the
case of a homogeneous isotropic material and strictly depended on the contact behavior
between layers and lines. The displacements and directional stresses of all the load cases to
show the symmetric behavior of the RVE are reported in Figures 10–15.

Figure 10. Load cases to evaluate E11: (a) stress in direction 11; (b) stress in direction 22; (c) stress in direction 33; (d)
displacement in direction 11; (e) displacement in direction 22; and (f) displacement in direction 33.
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Figure 11. Load cases to evaluate E22: (a) stress in direction 11; (b) stress in direction 22; (c) stress in direction 33; (d)
displacement in direction 11; (e) displacement in direction 22; (f) displacement in direction 33.

Figure 12. Load cases to evaluate E33: (a) stress in direction 11; (b) stress in direction 22; (c) stress in direction 33; (d)
displacement in direction 11; (e) displacement in direction 22; (f) displacement in direction 33.
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Figure 13. Load cases to evaluate G12: (a) stress in direction 11; (b) stress in direction 22; (c) stress in direction 33; (d)
displacement in direction 11; (e) displacement in direction 22; (f) displacement in direction 33.

Figure 14. Load cases to evaluate G13: (a) stress in direction 11; (b) stress in direction 22; (c) stress in direction 33; (d)
displacement in direction 11; (e) displacement in direction 22; (f) displacement in direction 33.
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Figure 15. Load cases to evaluate G23: (a) stress in direction 11; (b) stress in direction 22; (c) stress in direction 33; (d)
displacement in direction 11; (e) displacement in direction 22; (f) displacement in direction 33.

It can also be noted in Figures 16 and 17 that the layer deposition was generated
from the areas in which there was a concentration of the stresses; in particular, this always
happened between one layer and the subsequent one. This is particularly evident especially
in cases where the imposed deformation was not parallel to the direction of the fibers (load
cases to evaluate G13 and G23).

Figure 16. Von Mises stresses for E22 (a) and G12 (b).
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Figure 17. Von Mises stresses for G13 (a) and G23 (b).

3.1. Consideration about the RVE Dimension

Different RVE dimensions were considered, as shown in Figure 18, to prove that for
a linear model with parallel lines the dimension of RVE can be as small as a single line.
Moreover, for a widen understanding, the results of the Young’s and Shear moduli of all
the models considered were basically the same of the ones reported in Tables 3 and 4. The
variation between the results was less than the 1% and could be related to the discretization
of the model. This verified that additional information was not given for a linear model
with a linear elastic material by enlarging the RVE dimension. Moreover, when the problem
is not linear, the choice of the RVE dimension has a great influence on the modules value,
as reported by Okereke and Akpoyomare [32,33]. For this reason, it was decided to use a
larger unit cell, which could lead into further research that develops this model.

Figure 18. Different RVE dimensions given by number of printed lines used to evaluate the effect of
the size influence. (a) one line;(b) two lines; (c) four lines;(d) nine lines.
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Table 4. Mechanical properties for all the RVE sizes.

a b c d Unit

E11 2729 2729 2729 2729 MPa
ν12 0.35 0.35 0.35 0.35 /
ν13 0.35 0.35 0.35 0.35 /
E22 2196 2194 2193 2195 MPa
ν21 0.28 0.28 0.28 0.28 /
ν23 0.29 0.29 0.29 0.29 /
E33 2261 2261 2259 2257 MPa
ν31 0.29 0.29 0.29 0.29 /
ν32 0.30 0.30 0.3 0.29 /
G12 871 871 870 871 MPa
G13 897 896 897 896 MPa
G23 791 791 790 791 MPa

4. Conclusions

The analysis carried out involved the construction of a linear RVE model in order to
predict the macroscopic behavior of 3D printed geometries. Particular attention was paid
to the geometry of the printed mesostructure observed under a microscope after printing.
The given reference material for the model was PLA, which is low-cost and easy to print
through FDM methodologies, but with discrete performing mechanical characteristics
compared to other thermoplastic polymers. As the similarity between the structure of a 3D
FDM-printed component and a UD composite has allowed evaluating the behavior of an
FDM-printed sample through a linear elastic RVE.

Subsequently, the construction of a linear elastic model allows obtaining valid results
only in the field of small deformations. The condition of the good adhesion between one
layer and another is an ideal assumption and constitutes a reference point in the study
of these microstructures. The model presented this condition by defining the intersection
areas between adjacent lines as a continuous, perfect bonding behavior. This guaranteed a
perfect match with the theoretical model and simplified the numerical model.

Furthermore, studies of a complex model in which an adhesion condition is im-
plemented between various printed lines are desirable in order to accurately evaluate
intralayer phenomena that are the main cause of failure. The analysis presented showed
how the mesoscopic description of the geometry influenced the macroscopic properties of
the material, effectively inducing a geometric anisotropy to be considered for the construc-
tion of complex components. Future developments are aimed at validating the macroscopic
behaviors of the parameters calculated with reference to experimental tests.

5. Future Developments

Future developments will consider nonlinear elastic–plastic behaviors common to
most polymers to develop a valid model over a wider range of applications. Considerations
will also be made about the adhesion between one layer and the next and adjacent layers
and its effect on the properties of an RVE. In addition, an experimental setting should be
planned to demonstrate the effectiveness of this model.
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Abstract: Additive manufacturing (AM) or 3D printing is a digital manufacturing process and offers
virtually limitless opportunities to develop structures/objects by tailoring material composition,
processing conditions, and geometry technically at every point in an object. In this review, we present
three different early adopted, however, widely used, polymer-based 3D printing processes; fused
deposition modelling (FDM), selective laser sintering (SLS), and stereolithography (SLA) to create
polymeric parts. The main aim of this review is to offer a comparative overview by correlating poly-
mer material-process-properties for three different 3D printing techniques. Moreover, the advanced
material-process requirements towards 4D printing via these print methods taking an example of
magneto-active polymers is covered. Overall, this review highlights different aspects of these printing
methods and serves as a guide to select a suitable print material and 3D print technique for the
targeted polymeric material-based applications and also discusses the implementation practices
towards 4D printing of polymer-based systems with a current state-of-the-art approach.

Keywords: 3D printing; 4D printing; fused deposition modelling; selective laser sintering;
stereolithography; polymers

1. Introduction

3D printing or additive manufacturing (AM) is a digital manufacturing process,
in which the materials are added layer by layer to create 3D objects directly from the
computer-aided design (CAD) models [1–8]. 3D printing has gained significant popularity
in the last two decades due to a number of appealing advantages such as the limitless
design freedom and capability to produce low cost and multifunctional objects with highly
delicate/complex structures in a short period of time [9]. For example, 3D printing of
concrete materials possesses the potential to reduce construction waste by 30–60%, labour
cost by 50–80%, and construction time by 50–70% [10,11]. Therefore, 3D printing has
become a suitable manufacturing technique in both rapid prototyping as well as in various
engineering fields such as mechanical engineering, civil engineering, aerospace, electronics,
biomedical, etc. [5,6,9,12–19].

A variety of AM methods are available to 3D print a wide range of materials in-
cluding metals [20–23], polymers [24–29], polymer composites [30–33], ceramics [34–39],
and cement [40–43]. The ASTM (ISO/ASTM 52900:2015) has classified the range of AM
processes into seven general categories. This classification is made on the basis of the
fundamental principle of operation, and it includes material jetting, binder jetting, vat
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photopolymerization, powder bed fusion, material extrusion, direct energy deposition, and
sheet lamination [5]. Furthermore, according to the type of base material used, AM can be
grouped into three different categories i.e., solid-based, powder-based, and liquid-based
(Figure 1). The solid-based AM is further classified into laminated object manufacturing
(LOM), fused deposition modelling (FDM), wire and arc additive manufacturing (WAAM),
and electron beam free form fabrication (EBF3). Powder-based additive manufacturing can
be classified into selective laser sintering (SLS), electron beam melting (EBM), selective laser
melting (SLM), and laser metal deposition (LMD). The liquid-based methods mostly include
material jetting (MJ) and vat-based printing such as stereolithography (SLA) and digital
light processing (DLP). We refer to these excellent review articles to get a comprehensive in-
sight into the above-mentioned AM techniques, LOM [44–46], FDM [47–52], WAAM [53,54],
EBF3 [55], SLS [56,57], EBM [58,59], SLM [39,59,60], LMD [61,62], SLA [63–65], DLP [66–68],
and MJ [69–71].

Figure 1. Classification of AM techniques based on the type of base materials used and the scope of the current review as
highlighted (FDM, SLS, and SLA). The 3D printing image is taken from [72].

A polymer is a substance or material consisting of very large molecules, or macro-
molecules, composed of many repeating subunits [73]. Polymers are one of the prominent
materials in a number of different applications due to their wide range of mechanical,
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thermal, electrical, fire-resistant, and biocompatible properties. According to the Web of
Science (accessed on 2 August 2021), more than 60% of AM studies are focused on polymer
printing. The polymers can be 3D printed with all three (i.e., solid-based, powder-based,
and liquid-based) AM techniques [74]. FDM is the most conventional and widely used
solid-based 3D printing technique to create polymer parts. On the other hand, SLS is a
prominent AM technique to produce polymer parts using polymeric powders as a base
material, while a vat-based technique, SLA, is another widely used early adopted AM
technique to create polymer parts by processing the polymeric liquid as a base material.
The details of these print methods are discussed in Section 2.

Although there are a number of review articles available in the literature focusing
on various aspects of polymer printing based on FDM [47–52,75–77], SLS [1,78–81], and
SLA [82–85], to the best of the authors’ knowledge, a comprehensive study focusing on
correlating the material-process-properties for these techniques is not available for both
conventional 3D printing and emerging 4D printing techniques. In this article, we aim to
provide the correlation of material-process-properties for these three most conventional
yet widely adopted polymer-based 3D printing techniques; fused deposition modelling
(FDM), selective laser sintering (SLS), and stereolithography (SLA). Furthermore, we also
briefly cover how these methods are adopted towards the 4D printing (3D printing of smart
materials) of polymer-based materials giving an example of 4D printing of magnetic field
responsive polymers.

2. Printing Process

The fundamental process of 3D printing is the formation of parts by printing successive
layers of materials that are formed on top of each other. The workflow of the 3D printing
process is illustrated in Figure 2. Firstly, the CAD model of the object to be developed is
created, then the standard tessellation language (.stl) file of the CAD is generated. The
STL file creation process mainly converts the continuous geometry in the CAD file into
small triangles [86]. The .stl file is then exported in a model slicing software which creates
a tool path for the 3D printer. Here, the 3D model is translated to 2D slices that contain the
information of cross-sections [87]. The 3D printer then starts the material processing and
layering process. The final product is then taken out of the printer. There are a number of
different factors in the printing process that determine the overall quality of the printed
parts. For example, the .stl file can influence the overall quality of the printed objects. The
finer the size of the triangles in .stl file, the better the printed object/part shape fidelity. The
part orientation during the printing process is responsible for the mechanical properties
while the environmental factors such as temperature and humidity also play the role on
the overall quality of the final product [88].

Fused deposition modelling (FDM) also known as fused filament fabrication (FFF) is a
process of depositing thermoplastic filaments layer by layer on a build platform [30,49,89–95].
The polymer filament is heated to a semi-solid state and deposited on the print bed or
heated platform. The nozzle follows the path as of the final object in the given layer. For
the next consequent layer, the platform moves one step lower, or the nozzle moves one step
upward, and the material is extruded and again the nozzle follows the path of the object in
the given layer. To generate the path that the nozzle follows, a slicer slices the model layer
by layer and produces a G-code (computer numerical control programming language),
which is followed by the nozzle in each layer. The height that the nozzle travels after each
layer is the layer thickness of the model. The nozzle temperature, bed temperature, and
layer height are the responsible parameters for the fractional behaviour of the 3D printed
parts [96].
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Figure 2. The workflow of the 3D printing process.

Print parameters can be grouped as machine parameters and process parameters for
each printing technique (Figure 3).

Figure 3. Overview of the process parameters of three different print methods: FDM (left), SLS (right), and SLA (middle).

124



Polymers 2021, 13, 3101

The machine parameters for FDM printing are bed calibration and nozzle diameter
while the process parameters are nozzle temperature, bed temperature, extrusion width,
and raster angle [52,97], see Figure 3 (left) for the schematic illustration. The bed calibration
is one of the most important considerations. FDM is a contact print method as the nozzle
is used to directly deposit the material layer by layer, therefore, the distance between the
nozzle and bed should be at a standard distance and constant throughout the bed. An
improper bed calibration leads to the uneven distance between the nozzle and the bed at
two (or more) different points on the print platform/bed, which causes warpage and also
leads to the printer hitting the bed and the prints. The diameter of the 3D printing nozzle
can be changed/replaced which however impacts the part quality and production time.
The use of a nozzle with a large hole diameter accelerates the part production time [98].
It has also been reported that increasing the nozzle diameter increases the part quality
and mechanical properties in FDM 3D printing [99]. The other important parameter is the
ambient temperature which causes part warpage. For example, PLA part warpage of about
50%, 30%, and 10% at 10 ◦C, 15 ◦C, and 20 ◦C (ambient print environment temperature)
respectively, is reported [100]. The process parameters affecting part properties in FDM
are raster angle, extrusion width, extrusion rate, bed temperature, nozzle temperature,
and nozzle speed. The raster angle is the angle between the direction of the nozzle and
the x-axis (or y-axis, depending on notation) of the printing platform [101]. The extrusion
rate is the rate at which the filament is extruded from the nozzle onto the build platform.
Bed temperature refers to the temperature of the build platform. The bed temperature is
required to maintain the adhesion between the build platform and the print part and avoid
warpage [102]. Nozzle temperature is the temperature at which the material is melted
and extruded from the nozzle. It has a high influence on the mechanical properties and
microstructure of the 3D printed parts [99]. For instance, the increase in relative density
(from 89.9% to 92.8% for PEEK) with the increase in nozzle temperature from 370 ◦C to
390 ◦C is reported [103]. Nozzle speed is the speed at which the nozzle moves while
depositing/printing the filament melt from the nozzle onto the build platform. It greatly
influences the dimensional precision of the printed parts although print time is reduced.
For example, the increase in wall thickness of ring-shaped design from 2.00 mm to 2.17 mm
with the increase in nozzle speed from 30 mm/s to 90 mm/s is reported [104].

Selective laser sintering (SLS), a variant of powder bed fusion and widely used AM
technique, is a process used to produce objects from powdered materials using one or
more lasers to selectively fuse the particles at the surface, layer upon layer, in an enclosed
chamber [57,105–108]. The powders can be fused together with different particle binding
mechanisms namely solid-state sintering, chemically induced binding, liquid phase sinter-
ing (partial melting), and full melting [109]. The working schematic of SLS is described in
Figure 3 (right), also see Figure 4 for SLS process parameters. The printing system consists
of a laser supply source, scanning system, roller, powder supply platform, and a sintering
platform. Usually, the powders are fused by molecular diffusion under the influence of a
high-power laser. After the first layer of powders is fused the sintering platform moves
a step downwards and the next layer of powders are fused [110]. The process continues
until the top layer of the final product is fused. The movement of the laser is determined
again by the G-code generated from the slicer like in FDM. After the sintering process is
completed, the un-sintered powder is removed, and the part is extracted from the platform.

The energy density (Equation (1)), in SLS, is the most vital parameter that is responsible
for the overall process and part property. It is the amount of energy stored in a given
system or region of space per unit volume.

ED =
P

v.h
×

d

h
(1)

where ED is energy density, P is the laser power, d is laser beam diameter, v is scan velocity,
and h is the hatch spacing. The hatch spacing, laser scanning speed, laser power, and
preheat temperature are therefore determining process parameters responsible for the part
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properties of SLS printed objects [105,111,112], see Figure 4. Laser power is the input power
set as the ratio of the total permissible power as per the requirement of a given material and
layer thickness [113]. Laser scanning speed is the rate at which the laser beam is moved
along the hatching or contour lines. It influences the maximum energy at a point of material
and the total time required to complete a product [114]. Hatch spacing is also known as
scan spacing is the distance between two consecutive laser beams. Preheating temperature
is another important parameter that affects the part property in SLS. A powder that is
not preheated requires a higher-power laser beam source to melt. Furthermore, higher
preheating also reduces the temperature gradient between the sintered and un-sintered
parts—contributing to the elimination of thermal stress and avoiding distortion [115].

Figure 4. Process parameters for SLS printing, redrawn from [105].

Stereolithography apparatus (SLA), a vat-based and the early adopted AM tech-
nique, works on the process of 3D printing by using photopolymerization in which
the photocurable resin is solidified through photopolymerization initiated by absorb-
ing light [82,84,116–119]. Photopolymerization refers to a technique that uses rays of light
to propagate a chain polymerization process which results in the photo-crosslinking of
the pre-existing macromolecules [116]. The crosslinker is another component/material
that links one polymer chain to another by the covalent or an ionic bond. The photopoly-
merization results in the solidification of a pattern inside the resin layer in order to hold
the subsequent layers. A photoinitiator or photoinitiator system is required to convert
photolytic energy into the reactive species (radical or cation) which can drive the chain
growth via radical or cationic mechanism [116]. The measurement of attenuation of light
by a chemical species at a given wavelength is given by the molar attenuation coefficient.
The molar attenuation coefficient is a measurement of how strongly a chemical species
attenuates light at a given wavelength. Typically, photoinitiators with molar attenuation
coefficients at a short wavelength (UV < 400 nm) are used to initiate the photochemical
reaction [120]. Using a computer-controlled laser beam, a pattern is illuminated on the
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surface of a resin. The area in the resin where the light beam strikes solidify. This principle
is used repeatedly layer by layer to solidify the resin and form each layer of a product in
SLA 3D printing. The thickness of the layer is controlled by the energy of the light source
and exposure time [64].

The major process parameters that influence the quality of SLA printed parts are fill-
cure depth, layer thickness, and post-curing, see Figure 3 (middle) for the illustration of the
process parameters. The cure depth depends on the energy of the light being exposed to the
resin. The energy is controlled by the laser power and the time the resin is being exposed to
the light. The curing depth (Cd) should be high enough to avoid excessive fabrication time.
However, the curing depth must be low enough to avoid over polymerization resulting in
the over-cured part with poor resolution. Curing depth is given by an equation based on
the Beer–Lambert equation (Equation (2)):

Cd = Dp log
E

Ec
(2)

where Dp is the penetration depth (m), E is the light exposure (J m−2), and Ec is the critical
light exposure (J m−2) [121]. The wavelength of the laser light being used is another
important consideration. The wavelength of the UV light reported in the literature is in the
range of 300 nm to 400 nm [63]. Usually, in SLA, objects/parts need to be post-cured after
printing. Post-curing is performed to enhance the mechanical properties of the printed
objects/parts. For example, a post-curing time up to 60–90 min for SLA 3D printed dental
parts such as crown and bridge materials is reported [122].

The printing parameters required for FDM, SLS, and SLA 3D printing are collectively
summarized in Figure 3. The initial printing parameters such as quality of the .stl file,
part orientation, and environmental factors are common printing process parameters in
all three techniques. However, due to the variation in the structure formation technique,
the printing process and a number of process parameters differ in each of these methods.
The printing techniques can be chosen according to the requirement of the simplicity of
printing, mechanical properties, printing time and layer resolution. For instance, SLA has
the capability of printing high-resolution parts of up to 10 μm [33], while the minimum
layer resolution of the SLS printed part is 20 μm [123] and the FDM only has the capability
of printing high-resolution parts of up to 40 μm [124]. The value for the print resolution
should be considered as a comparative guide only because the exponential growth of the
3D printing industry is continuously offering optimized versions of the 3D printers. The
print resolution of some common commercially available 3D printers is listed in Table 1.
Based on the data provided by the manufacturer, the print resolution up to 25 μm [125],
50 μm [126], 1 μm [127] for FDM, SLS, and SLA, respectively, is also claimed. On the other
hand, in terms of the process simplicity in printing, the FDM is the most suitable because
the process is as simple as heating the filament polymer to a semi-solid state and depositing
it directly on the print bed. SLS is a comparatively complicated process among others,
it requires the movement of two systems: roller and laser light. A list of commercially
available FDM, SLS, and SLA 3D printers along with their material and print specifications
is summarized in Table 1. This table provides an overview for selecting the desired 3D
printer on the basis of the required print volume, material, and print process. From Table 1,
it is also evident that the FDM provides a wide range of materials for 3D printing while
SLA provides a high print resolution. Further discussion based on the material and print
part properties is presented in Sections 3 and 4.
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Table 1. A directory of commercially available industrial-grade FDM, SLS, and SLA 3D printers and their specifications,
information is collected from the supplier’s website. The green highlight indicates the print material best suitable for the
given printer according to the supplier. For SLA, the materials are categorized based on their type/specific properties as
claimed by the supplier.

AM
Technology

Name
Dimension of
Printer (mm)

Print
Volume

(cm3)

Layer
Thickness

(mm)
Available Material/Type Ref.

FDM

Stratasys F900 914 × 609 × 914 508,756.16 0.127–0.5 PLA ABS PEEK Nylon ULTEM [128]

Essentium HSE
280i HT 695 × 495 × 600 206,415 0.1–0.55 PLA ABS PEEK Nylon ULTEM [129]

CreatBot
PEEK-300 300 × 300 × 400 36,000 0.04–0.4 PLA ABS PEEK Nylon ULTEM [130]

Anisoprint
ProM IS 500 600 × 420 × 300 75,600 0.06 PLA ABS PEEK Nylon ULTEM [131]

3DGence F420 380 × 380 × 420 60,648 0.05 PLA ABS PEEK Nylon ULTEM [132]

Roboze Argo
500 500 × 500 × 500 125,000 0.025–0.2 PLA ABS PEEK Nylon ULTEM [125]

WASP 4070
Tech 400 × 400 × 700 112,000 0.1 PLA ABS PEEK Nylon ULTEM [133]

Cincinnati
MAAM 1050 × 1015 × 1015 1,081,736.25 0.2 PLA ABS PEEK Nylon ULTEM [134]

Tractus 3D
T850P 280 × 280 × 400 31,360 0.01–0.8 PLA ABS PEEK Nylon ULTEM [135]

AON-M2+ 450 × 450 × 640 129,600 0.05–0.5 PLA ABS PEEK Nylon ULTEM [136]

Kumovis R1 180 × 180 × 150 4860 0.1–0.4 PLA ABS PEEK Nylon ULTEM [137]

Ultimaker S5 330 × 340 × 300 33,660 0.02–0.25 PLA ABS PEEK Nylon ULTEM

SLS

Sintratec Kit 100 × 100 × 100 1000 0.05–0.15 PA 12 PA 11 TPU TPE PP [138]

Red Rock 3D 180 × 180 × 180 5832 0.1 PA 12 PA 11 TPU TPE PP [139]

Sinterit Lisa Pro 110 × 160 × 245 4312 0.05 PA 12 PA 11 TPU TPE PP [140]

Formlabs Fuse 1 165 × 165 × 300 8167.5 0.1 PA 12 PA 11 TPU TPE PP [141]

Sintratec S2 �160 × 400 8038.4 0.1 PA 12 PA 11 TPU TPE PP [142]

Sharebot
SnowWhite 2 100 × 100 × 100 1000 0.05 PA 12 PA 11 TPU TPE PP [143]

Wematter
Gravity 300 × 300 × 300 27,000 0.1 PA 12 PA 11 TPU TPE PP [144]

XYZ printing
MfgPro230 xS 230 × 230 × 230 12,167 0.08–0.2 PA 12 PA 11 TPU TPE PP [145]

Nexa3D
QLS350 350 × 350 × 400 49,000 0.05–0.2 PA 12 PA 11 TPU TPE PP [146]

Shining 3D
EP-P3850 380 × 380 × 500 72,200 0.08–0.3 PA 12 PA 11 TPU TPE PP [147]

Prodways
Promaker

P1000
300 × 300 × 360 32,400 0.06–0.12 PA 12 PA 11 TPU TPE PP [148]

EOS Formiga P
110 Velocis 200 × 250 × 330 16,500 0.06–0.12 PA 12 PA 11 TPU TPE PP [149]

3D Systems
ProX SLS 6100 381 × 330 × 460 57,835.8 0.08–0.15 PA 12 PA 11 TPU TPE PP [150]

Farsoon eForm 250 × 250 × 320 20,000 0.06–0.3 PA 12 PA 11 TPU TPE PP [151]

SLA

Nyomo’s
Minny 44 × 28 × 70 86.24 0.01 Standard

resin Castable Bio
compatible Flexible Clear [152]

Asiga’s Pico 2 51 × 32 × 76 124.032 0.001 Standard
resin Castable Bio

compatible Flexible Clear [127]

XYZprinting’s
Nobel 1.0 A 128 × 128 × 200 3276.8 0.025–0.1 Standard

resin Castable Bio
compatible Flexible Clear [153]

Formlabs Form
2 145 × 145 × 175 3679.375 0.025–0.2 Standard

resin Castable Bio
compatible Flexible Clear [154]

Photocentric’s
Liquid Crystal 121 × 68 × 160 1316.48 0.05 Standard

resin Castable Bio
compatible Flexible Clear [155]

Nexa3D’s the
NXV 220 × 120 × 380 10,032 0.03 Standard

resin Castable Bio
compatible Flexible Clear [126]

DWS’s XPRO S 300 × 300 × 300 27,000 0.01 Standard
resin Castable Bio

compatible Flexible Clear [156]

UnionTech’s
RSPro 800 800 × 800 × 550 352,000 0.07–0.25 Standard

resin Castable Bio
compatible Flexible Clear [157]

3D Systems’
ProX 950 1500 × 750 × 550 618,750 0.01 Standard

resin Castable Bio
compatible Flexible Clear [158]
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3. Print Materials

The common print materials available for FDM, SLS, and SLA 3D printing are given
in Table 2. The material for FDM and SLS are thermoplastic polymers. Due to the process
requirements, for FDM, the material is in filament form, while for SLS, it is in powder
form. The thermoplastic polymers can be classified into amorphous and semi-crystalline
thermoplastic. Amorphous thermoplastic polymers have a glass transition temperature (Tg)
above which they soften and transform into a glassy state. They do not have a fixed melting
temperature, while semi-crystalline polymers have a fixed glass transition temperature (Tg)
and melting temperature (Tm). The melt viscosity of the semi-crystalline thermoplastics
decreases with the increase in temperature above the melting temperature (Tm)—allowing
flowability [159]. Apart from the pure polymers, the use of several modified FDM filaments
has also been reported for various applications such as printed electronics by incorporating
different materials such as carbon-black, graphene, and copper [160], carbon nanotube
incorporated filaments for textile [161], carbon nanotubes incorporated capacitive and
piezoresistive actuators [162], etc. A few approaches of the modification of materials for
FDM/SLS printing by giving an example of magnetic materials is discussed in Section 5.

Table 2. A general classification of available materials (commercial and laboratory-grade) for FDM, SLS, and SLA printing.

AM Technique Material

FDM Thermoplastic filament

Semi-crystalline

PEEK

PVDF

PP

PLA

TPU

TPE

PPS

PCL

PLGA

PEVA

PA6

PA12

POM

PET

Amorphous

PEI

PAI

PPSU

PC

PVA

HIPS

PEKK

ASA

ABS

PMMA

PS
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Table 2. Cont.

AM Technique Material

SLS Thermoplastic powder

Semi-crystalline

PA12

PA11

PA6

PET

PLA

PCL

TPU

POM

PEEK

PEK

PEKK

Amorphous

PC

PMMA

PS

PI

PSU

PES

PVA

SLA Resins

Polyester

PPF

PLA

PCL

PCL/PEG/Chitosan

Polycarbonate

PTMC

PTMC/Gelatin

Trimethylolpropane
Carbonate

Polyether

PEG

PEG/Chitosan

PEO/PEG

Poly tetrahydrofuran ether

The materials used in SLA are photosensitive thermoset polymers. Thermoset is
also known as a thermosetting polymer and is a polymer that is obtained by irreversibly
polymerizing/curing a soft solid or viscous liquid prepolymer (resin). The curing, also
sometimes known as solidification or vulcanization or polymerization, is achieved via
photopolymerization in the presence of UV light. An SLA resin usually contains several
components including monomer/oligomer, diluent, chain transfer agent, and photoinitia-
tor [84,163]. Monomers/oligomers are reactive prepolymers that are primarily responsible
for the part properties after undergoing a polymerization reaction. Diluents are low-
molecular weight, low-viscosity compounds used to modify the viscosity of a resin or
enhance the solubility of a resin. A chain transfer agent is essential to modify the crosslink-
ing agent while photoinitiator is necessary to trigger the photopolymerization. The widely
used resins are polyester or polycarbonate or polyether-based polymers in SLA or the
vat-based printings [24,84,163].
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3.1. Material Requirements

The material requirement majorly depends on the process of 3D printing. Figure 5
provides a pictorial summary of the material requirements for successful printability for all
three print methods. Rheological properties are a common requirement of print materials
in all three processes. It mostly includes the viscosity of the print material (polymer melt or
resin). The thermal properties of the material include heat capacity, coefficient of thermal
expansion, crystallinity, and conductivity of heat of the print materials. The thermal
properties are an important consideration in FDM and SLS. On the other hand, in SLS and
SLA, as both of these processes deals with absorption of energy through laser light, optical
properties including reflection, absorption, transmission, and scattering are of utmost
importance. In FDM, the mechanical properties of the filament including its elastic modulus
and strain at yield is also considered. In SLS, extrinsic properties such as powder shape
and powder surface are a considerable requirement. For SLA, chemical properties such as
active centre stability, molecular weight, functional group, and degree of functionality of
the resin play a key role. The details of material requirements and their significance are
discussed in the following sections. Here, we first discuss individual process requirements
of FDM, SLS, and SLA respectively and followed by the common requirements.

Figure 5. A pictographic summary of the various properties of print materials demanded for successful printability via
FDM, SLS, and SLA 3D printing.
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3.1.1. Mechanical Properties

In FDM, the mechanical properties of thermoplastic filament are one of the major ma-
terial properties to be understood. The column strength of the solid filament is significant
for thermoplastic polymers [164]. In the printing process, the solid filament serves as a
piston under compression; therefore, the column strength should be sufficient enough to
avoid buckling between the driving pulley and the melt chamber [52,165]. The critical load
for buckling is given by the formula derived from Euler’s buckling as given in Equation (3).

Pcr =
π2Ed2

16L2 (3)

where E is the elastic modulus, d is the diameter, and L is the length of the solid filament
between the driving pulley and the melt chamber [165]. The filaments should however be
flexible enough to allow their spooling and despoiling during printing and thus maximum
strain at yield is recommended to be about 5% [166,167].

3.1.2. Extrinsic Properties

In SLS, particle shape, size, and distribution have a considerable influence on the
overall flow behaviour and powder density. It is therefore an important consideration in
SLS as it influences the thin, dense, and smooth layer of powders—influencing the quality
of the produced part. The SLS powder particle distribution is reported to be between 20 μm
and 80 μm [79], some particles have a higher size but mostly a d50 of around 60 μm [168].
The particle shape is required to be ideally spherical. Schmidt et al. [169] used the tensile
strength to determine the powder flowability and concluded that the increase in powder
flowability resulted in the decrease of tensile strength for the spherical particles.

3.1.3. Chemical Properties

In SLA, the chemical properties of the resin are substantial material properties to
be understood as the process comprises the photopolymerization completely driven by
chemical reaction to convert the liquid into a solid object in the presence of UV light.
Herein, curing kinetics is the most important consideration [170]. The curing kinetics is
influenced by the degree of functionality, steric effect, and the stability of radical or cationic
active centres, for more detail please refer to [171]. A moderate curing rate is required to
enable the faster part fabrication and at the same time provide sufficient time for interlayer
adhesion. A significant difference in static and dynamic properties has been reported for
the curing time of 5 min in comparison to that of 25 and 30 min [172]. The curing degree
increases with an increase in light intensity. For instance, the increase in curing degree
from 3.1% to 87.7% with the increase in light intensity from 5 mW/cm2 to 40 mW/cm2

is reported [173]. The same study [173] also presents the influence of exposure time on
the curing degree. The curing degree significantly increases from 26.85% to 70.98% for the
same increase in light intensity. On the other hand, the curing degree only increases from
70.98% to 81.74% with the increase in exposure time from 3 s to 12 s.

3.1.4. Thermal Properties

The thermal properties of the print material are highly influential material properties
and need to be understood in-depth for successful printing via the SLS and FDM techniques.

In SLS, the requirement of the laser energy intensity also depends on the temperature
of the powder. The polymer powders are heated to a temperature close to the melting
temperature for semi-crystalline powders and up to glass transition temperature for amor-
phous powders to lower the required laser energy and reduce the temperature gradient
which also decreases the non-uniform shrinkage in the printed parts [174,175]. The preheat-
ing temperature should be close to melting temperature but should not be greater than the
onset melting temperature to avoid premature melting of the powders. For general polymer
materials, a preheating temperature 5–10 ◦C lower than the glass transition temperature is
suggested [115]. Thus, the processing temperature must be precisely controlled between
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onset melting and onset crystallization temperature, and this metastable thermodynamic
region is called the sintering window (Figure 6a) [176]. The sintering window can be
characterized using a differential scanning calorimeter at a fixed heating and cooling rate,
for example, 10 ◦C/min [168]. The sintering window, however, depends on the polymer
being used. A wider sintering window is usually preferred in SLS. Figure 6b shows the
thermo-analytical results (DSC measurement) of a commercial injection moulding PA12
grade in comparison with a commercial PA12 for SLS processing [168,177]. The stretch in
the sintering window of SLS powders (red curves) can clearly be marked [168].

Figure 6. (a) Illustration of a dynamic DSC curve of a polymer. (b) Comparison of a commercial injection moulding PA12
grade and commercial PA12 for SLS processing, adapted from [168].

In FDM, the filaments are heated at a temperature a few degrees above the melting
temperature at the nozzle. Reduced viscosity with increased temperature facilitates the
polymer melt extrusion. The thermal properties of thermoplastic filament, moreover, influ-
ence the part shrinkage after the polymer melt deposition. The thermal properties include
a coefficient of thermal expansion, heat capacity, heat conductivity and crystallinity of the
polymer, please refer to these articles for more detail [178,179]. Similar to SLS, here, the
thermal gradient leads to uneven shrinkage of printed parts [166]. For FDM, usually, the
amorphous polymer filaments are favoured in comparison to semi-crystalline. The amor-
phous thermoplastics possess a low coefficient of thermal expansion—as a result, lower
shrinkage, warpage, and distortion of the printed parts [180]. Another important consider-
ation for FDM filaments is the printing temperature. This becomes an even more important
consideration specifically for customized filaments with sensitive ingredients [181]. Usu-
ally, the printing temperature has to be above the melting point and should be always
lower than the thermal degradation temperature of the print material. Thermogravimetric
analysis (TGA) is used to characterize the filament material thermal stability by monitoring
the weight change that occurs as the sample is heated at a constant rate.

See Tables 3 and 4 for a summary of the thermal properties of a few common thermo-
plastic filaments for FDM, and powders for SLS.

3.1.5. Optical Properties

Optical properties are a key requirement of print material for its successful use in SLS
and SLA 3D printing as materials absorb light in both processes.

The absorption of the energy from the laser source by the material is dependent on
its optical properties. In SLS, a process involving the melting of polymer powders in
presence of laser-generating heat energy, the polymer should be able to effectively absorb
energy from the laser at a given wavelength. However, only a fraction of the energy is
absorbed due to the laser reflection and refraction at the particle surface and transmission
through the particles [182]. Most of the commercial SLS printers use CO2 lasers. This is
because the polymer powders contain a C–H bond which absorbs the energy at the laser
wavelength of 10.6 μm [183]. The thermoplastic powders after being exposed to the CO2
laser is transformed from an entropy elastic state to a viscous state [182]. To avoid warpage
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and shrinkage the laser power is desired to be on the lower side. With other printing
parameters constant, the increase of laser power from 20 W to 35 W results in an increase
in shrinkage from 2.34% to 2.60% and warping from 0.16 mm to 0.21 mm [34].

In SLA, the optical properties of the resin such as transmission, absorption, reflection,
and scattering influence the curing depth. Detailed studies reporting the influence of these
optical parameters on the cure depth (Equation (2)) are still lacking in the literature. It is
recommended that the penetration depth is defined as the depth where laser irradiation
is reduced by 1/e [24,184]. The absorption of light also highly depends on the concentra-
tion of the photoinitiator and the molar extinction coefficient of resin at the given light
wavelength [185].

3.1.6. Rheological Properties

The rheological properties of resin highly influence the SLA process and the melt
rheology of powders to be used play an essential role in SLS.

The resins used in SLA must possess a melting temperature below the room tem-
perature. The viscosity should ideally be around 1 Pas but it can range from 0.1 Pas for
low-molecular-weight polymers to 10 Pas for high molecular weight polymers [186]. The
lower viscosity allows the resin to be in a liquid state at the processing temperature enabling
chain mobility. For the resins with higher viscosity, the resins can be processed at higher
temperatures but this is limited only to formulations that are insensitive to heat [187].

In SLS, a powder with lower surface tension (γ) and lower zero viscosity (η0) is
desired. It is because powder with lower surface tension has higher coalescence which can
be sintered into parts of higher density and strength. The requirement of lower η0 is the
reason behind the difficulty in sintering amorphous powders as the result leads to brittle
and amorphous parts because of η0. In amorphous powder, the η0 is higher even above
the glass transition temperature and thus a proper coalescence does not take place [79].

The investigation of the rheological properties of FDM filaments is well described
in [188], in which applicability of the Filament Flow Index (FFI) is reported for a number
of different filaments for FDM and suggested that the FFI technique can be considered to
promptly characterize print filament. Elsewhere, to avoid buckling, the ratio of elastic mod-
ulus and viscosity of the FDM filament melts less than 3 × 105 s−1 is recommended [166].

Table 3. Melting temperature and glass transition temperature of a few common thermoplastic filaments for FDM.

Material Tm (◦C) Tg (◦C)
Printing

Temperature (◦C)
Temperature of

Degradation (◦C)
Ref.

Thermoplastic
Filament

ABS - 105 230–250 380–430 [189,190]

PLA 150 - 200–235 300–400 [190,191]

PET 255 75 160–210 350–480 [190,191]

PP 165 −10 230–260 300–500 [191,192]

PA6 215 46 419.8 220–270 [189,193]

Table 4. Melting temperature, onset melting temperature, crystallization temperature, and sintering window of a few
common thermoplastic powders for SLS.

Material Tm Tm, Onset Tc, Onset
Sintering
Window

Ref.

Thermoplastic
powder

PA12 185.6 178.0 158.6 19.4 [108]

PA11 202.9 189.2 168.3 20.9 [194]

TPU 144.4 122.2 123.9 1.7 [194]

PC 167.1 157.0 121.9 35.1 [195]

PP 182.3 177.1 151.3 19.5 [196]
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4. Properties of Printed Parts

The tensile and flexural mechanical properties of the FDM, SLS, and SLA printed parts
are discussed.

For commercially available print materials, the mechanical properties of the 3D printed
parts are generally provided in the datasheet by most manufacturers. A pictographic
overview of the mechanical properties based on the data provided by the manufacturer
is given in Figure 7. In each 3D printing process, a range of variations in mechanical
properties with different print materials can be noticed. This overview can be used to
quickly screen the material and printing processes on the basis of the requirement of
tensile and flexural properties. Modulus and ultimate strength are two key mechanical
properties to be understood either in tensile or flexural loading. The data provided in
the datasheet, however, might be based on a certain external condition favourable for
generating optimum properties, therefore, these data should not be considered as a final
property of the printed part for bespoke print conditions. Furthermore, it should be noted
that selecting a print method and materials are also related to other properties such as
fatigue properties, microstructure, stability, etc. [197–201]. In the following, the mechanical
properties (tensile and flexural) of various print materials and printing processes reported
by bespoke studies considering various print conditions are discussed. A summary of
mechanical properties reported by a few bespoke studies is presented in Table 5 (tensile
properties) and Table 6 (flexural properties). Anisotropy in mechanical properties is
observed in all FDM, SLA, and SLS printed parts. This is primarily due to the fundamental
process of the part production method in 3D printing (i.e., layer by layer addition of
material). Typically, the mechanical properties of the 3D printed parts printed with sample
build orientation parallel and perpendicular to the bed or print platform are found to be
different, which signifies the anisotropy. Therefore, a part/object should be printed at an
optimal orientation to achieve the best mechanical characteristics to meet the demand of
the targeted application.

Figure 7. A graphical overview of the mechanical properties of 3D printed parts for a few commer-
cially available materials, data are taken from the respective datasheet available on the supplier’s
website. Tensile (green coloured) and flexural (red coloured) properties are plotted, the upper graph
is strength, and the lower graph is the modulus of corresponding properties of FDM and SLS and
SLA printed parts.

The variations in tensile and flexural strength with the change in build orientation
and layer thickness in FDM, SLS, and SLA are discussed in the following section.
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Please note that, apart from tensile test and flexural tests, nanoindentation is another
prominent test for investigating mechanical properties such as modulus, hardness, and
elasticity [202–204]. The biggest advantage of the nanoindentation test for the 3D printed
part, compared to conventional tests, is that this test method can be used to study the
localized anisotropy at various locations on the printed surface with minimum destruction
limited to the surface of the material.

4.1. Tensile Properties

Tensile properties are used to study the behaviour of a material under the action of
tensile loads. The tensile properties of a few standard materials available for FDM, SLA,
and SLS 3D printing are given in Table 5. From the table, it can be concluded that the tensile
properties of the polymers highly depend on the material, build orientation, and layer
thickness. In FDM, the tensile properties of PLA and ABS have been most prominently
studied while the properties of high-performance polymers like PEEK are also available.
In SLS, the most widely used polymer powder is PA12 and its mechanical properties are
widely studied. On the other hand, in SLA, the material depends on the manufacturer
and the application for which it has to be used. The printing parameters such as laser
power and bed temperature are varied based on the material being used while materials are
printed with various layer thicknesses to alter the printing time which also alters the part
strength. In most of the studies, the ISO 527 and ASTM D638 test standards have been used
to determine the behaviour of the 3D printed parts under the influence of tensile loading.

The tensile properties of FDM 3D printed parts have been well studied [205–207].
Printing can be performed at various orientations as illustrated in Figure 8 and the mechan-
ical properties, therefore, are influenced by the print orientations. One common finding is
that the tensile strength/modulus, when the load is applied in the longitudinal direction, is
higher than applying load along the build direction; this is simply due to weak interlayer
bonding of the printed parts [208]. Another factor contributing to the tensile strength of the
FDM printed part is the raster angle. For instance, the ultimate strength, for PLA, obtained
for a raster angle of 45◦ is higher compared to the raster angles of 0◦ and 90◦ [209]. For
materials such as PEEK and ABS, the tensile strength of the printed material for raster
angles of 0◦ and 90◦ was comparable to one another while the raster angle of 45◦ yielded
a considerably lower amount of tensile strength [210–212]. The amount of material that
has been deposited on each layer also affects the mechanical properties of FDM printed
parts. The tensile strength increases linearly with the layer thickness when specimens are
printed in the z-direction [213]. A study by Chacón et al. [213] can be consulted to get a
comprehensive summary of the effect of process parameters on mechanical properties of
FDM printed PLA and their optimal selection.

There is also a large disparity of mechanical properties for SLS 3D printed parts
due to the dependence of various parameters on local process conditions [112]. This
leads to properties such as modulus/stiffness and strength being highest along the print
direction [214]. The parts built with orientations parallel to the direction of the laser
exhibit the highest strength and modulus values while the samples built in the z-axis
orientation possess the lowest strength and modulus. For example, the difference of
9.4% in strength and 7% in flexural modulus for these different build orientations is
reported [215]. Furthermore, the specimens with the 60◦ raster angle exhibited the highest
tensile strength when compared to the sample printed in 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, and
90◦ orientations [216], unlike in FDM in which a 45◦ orientation showed the highest
strength [209].

The tensile properties of a commercial photocurable resin (commercially available/
manufacturer’s grade) have also been widely studied [217,218]. The tensile strength of
various build orientations which include flat, and edge are widely reported [217,219,220].
In SLA, flat is similar to x and the edge is similar to y as in FDM printing. Furthermore,
each build orientation had sub-orientations of 0◦, 45◦, and 90◦, as in other print methods.
Specimens with edge build orientation display higher tensile strength compared to the
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specimens with flat build orientation. In sub-build orientation, 45◦ orientations have
slightly better properties than the 0◦ and 90◦ sub-build orientations in both cases [221].
Build orientation has much less impact on tensile strength when compared to layer thick-
ness [216]. Tensile strength increases when the layer thickness increases while the flexural
strength decreases [216]. The increase in tensile strength as layer thickness increases is due
to better connection by polymerization of the new layer with the prior layer [74].

Figure 8. (a) Illustration of flexural and tensile loading and (b) definition of specimen orientation,
redrawn from [16].

4.2. Flexural Properties

Flexural properties are used to determine the behaviour of a material under the action
of bending loads. The flexural properties of 3D printed parts have not been studied as
widely as the tensile properties. However, there are many studies that have given the
flexural properties of some popular polymers of each 3D printing process. Table 6 is the
compilation of flexural properties of various polymers fabricated using FDM, SLS, and SLA.
The 3-point bending test is used in all of these studies. ASTM D790 is the most commonly
used standard test method for the 3-point bending test. Like the tensile properties, the
print parameters such as raster angle, part orientation, and layer thickness have a direct
impact on the flexural properties of the 3D printed specimen.

In FDM, variation in mechanical properties with varying orientation and layer thick-
ness can be distinctly observed. Layer thickness has the most significant effect on flexural
strength. The increase in layer thickness is found to have an increment in flexural strength.
For instance, a study focused on flexural strength of the specimen at different layer thick-
nesses ranging from 0.1 mm to 0.5 mm, reported a maximum flexural strength (59.6 MPa)
at 0.5 mm layer thickness and minimum flexural strength (43.6 MPa) at 0.1 mm [222].
The raster angle also has significance on the flexural property [211]. Again, like in tensile
loading, the PLA parts with a 90◦ raster angle showed the least resistance while the 45◦

orientation showed the highest resistance [209].
In SLS, the flexural strength is again influenced by bed temperature, laser watt power,

scan speed, and scan spacing. For instance, the increase in flexural strength with an
increase in laser power from 28 W to 36 W and a decrease in flexural strength with an
increase in scan speed from 2500 to 4500 mm/s is reported [223]. In the case of the scan
spacing, an initial decrease with an increase in scan spacing from 0.25 to 0.35 mm, then
a marginal increase from 0.35 to 0.45 mm is reported [223]. Print orientation also has a
notable influence on the flexural strength of SLS printed parts. For example, a maximum
flexural strength at 0◦ (59.23 MPa) followed by at 45◦ (46.25 MPa) and minimum at 90◦

(19.89 MPa) is reported [224].
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In SLA, the build orientation is the main factor influencing flexural strength. The
specimen printed with a layer orientation parallel to the axial load is reported to have
superior flexural strength and flexural modulus [88]. For example, maximum flexural
strength was found at 90◦ (135.69 MPa), compared to 45◦ (130.73 MPa) and 0◦ (117.48 MPa)
at ZXY orientation [88].

In Tables 5 and 6, the findings of a number of different studies are presented for the
comparison of mechanical properties under the action of tensile and flexural loading of
FDM, SLS, and SLA printed parts. The tabular summary can be referred to screen and select
a suitable print process and material to meet the requirement of the targeted application in
terms of the mechanical properties.

5. Towards Magneto-Active 4D Printing

The 3D printing of smart materials is regarded as 4D printing (4DP) since it is first
introduced in 2013 [234]. Smart materials can respond to external stimuli such as heat, pH,
magnetic/electric field, etc. [235–240]. As illustrated in Figure 9, 4D printing essentially
means the 3D printing of smart materials. The 4D printed structures can change their
physical/chemical properties, for example, stiffness, density, etc., and demonstrate various
phenomena such as shape memory effects and shape-shifting [235–238,241–244]. The shape
memory effect is a phenomenon where a system/structure can remember a certain shape
and could be switched from one to another shape (original to programmed shape) in a
controlled way in the presence of external stimuli. Shape-shifting is a phenomenon where a
system/structure can shift its shape from one to another when triggered by external stimuli.
Here, we briefly cover the process and the material requirements to develop polymer-based
4D structures via FDM, SLS, and SLA printing. Our particular focus is magnetic field
triggered systems.

The printing materials (resin/powder/filament) must have a magnetic field respon-
sive element(s)/component(s) (typically known as fillers) to be triggered by an external
magnetic field to demonstrate the 4D effect. Therefore, the first essential step to devel-
oping 4D structures via 3DP is to modify the printing materials by incorporating active
components. The widely used magneto-active filler materials are carbonyl iron pow-
ders (CIPs), Iron (II, III) oxides, and Fe-Nd-B micro/nanoparticles [245–248]. All these
magnetic fillers are yet to be implemented in all 4D printing methods (considered here)
mostly due to the filler size. There are, however, other printing methods such as di-
rect ink write (DIW) where nano to micron-sized fillers have been used successfully to
a greater extent [236,249–251]. The filler materials should facilitate the re-extrudability
of composite filaments for FDM [252,253], production of composite or surface decorated
(with nanofillers) micro powders for SLS [254], and high stability in the liquid resin for
SLA/DLP [255–257]. Please note that the pure SLA here is modified to its variants, to
direct laser processing (DLP) or micro-continuous liquid interface production (μCLIP) or
two-photon polymerization (2PP). All variants, however, are based on the light-mediated
conversion of liquid resin [24,184,220,258].

Figure 9. 3D printing and 4D printing and their basic differences, redrawn from [259].
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Figure 10 collectively shows material modification methods and key material prop-
erties of modified materials to be understood for all three different printing techniques.
The main aim is to produce a composite filament with homogenously distributed fillers for
FDM, composite powders with homogenously decorated/distributed fillers for SLS, and
composite colloidal inks with homogenously dispersed/suspended fillers for SLA variants.

Modifications of filaments for FDM include adding the filler to produce a homoge-
nous mixture of the host material and magnetic fillers and the re-extrusion of composite
filaments for printing. For instance, the original filament material (i.e., thermoplastic
rubber) was heated to 70 ◦C to soften the surface then the magnetic fillers (i.e., CIPs)
were added and mixed thoroughly. After that, a twin extruder was used to produce a
composite filament [253]. In another study, PCL or TPU were mechanically mixed with
CIPs first and then hot melted (at 200 ◦C) within the extruder and the composite filament
was extruded [252]. Likewise, a composite filament of Fe3O4 nanoparticles and PLA was
produced via melt compounding [260]. The processing factors such as melting, mixing,
homogenization, granulation of compounds, and viscosity for extrusion play a vital role to
produce composite filaments and there are a number of other different studies where the
influence and optimization of these parameters are well reported, see Dohmen et al. [261],
and others [262–264]. After the extrusion, cross-sectional morphology must be studied
to investigate the homogeneity of the filler-matrix system. More importantly, the ther-
mal properties of the composite filament need to be understood in detail for successful
printing via FDM. For example, it has been reported that thermal properties (DSC and
TGA thermographs) of the modified PLA with Fe3O4 nanofillers do not get altered sig-
nificantly compared to virgin PLA (Figure 10d), hence the printing conditions (nozzle
temperature, feed rate, print speed and so on) are altered to only a slighter extent [265],
however, optimization of print parameters is still needed.

SLS printing sinters micron-sized powders to produce a part. In order to demon-
strate the 4D effect, again the raw material (powders, e.g., PA12) should be modified by
incorporating fillers. Compared to FDM and SLA (and its variants), there are very few
studies where SLS is implemented to develop 4D structures of magneto-active polymers.
To develop composite powders for SLS, the process is well reported in a recent article [254],
wherein a novel method called nano-additivation is used. A colloid of magnetic fillers
was formed first and then such magnetic particle-based colloid is laser fragmented by
irradiating a laser light. The uniformly developed colloid is mixed with PA12 polymer to
develop composite polymer powders for SLS (Figure 10b). Thereafter, the thermal material
characteristics of nano-additively developed composite PA12 are studied using DSC and
TGA methods. To print magnetic parts using such composites, all the process parameters
such as temperature, laser output power, scan speed, hatch distance and energy density
are studied in detail and optimized. It is reported that the thermal behaviour of the surface
functionalized PA12 is similar to that of virgin PA12 powders (Figure 10e). In another
very recent study (2021), micron-sized fillers (Nd-Fe-B) are used together with TPU [266].
Therein, composite is prepared just by blending the polymer and fillers, silica nanoparticles
are added to improve the flowability. The mixing process is conducted just for 3 min at a
rate of 600 rpm. Again, investigation of morphological, thermal, and mechanical properties
of TPU/Nd-Fe-B composite is reported. The tensile strength of composites is found to be
decreased compared to virgin TPU [266], while thermal properties remained similar to
virgin TPU.

In SLA and its variants, which are resin-based systems, photopolymerization gov-
erns the conversion of liquid into a solid object in the presence of UV light (Figure 10c).
Photopolymerization is a multi-stage and dynamic process therefore researchers have
adopted different types of laboratory-based monomers/oligomers or copolymers to pro-
duce composite inks as a starting material. Various acrylate-based monomers/oligomers
such as urethane acrylate with CIPs [267], with Nd-Fe-B [257], and with Fe oxides [255],
and polyethene diacrylate with Fe2O3 [268] are reported. The development of composite
ink is the mixing of different components (monomer, crosslinker, initiator), magnetic fillers
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and additives to produce a homogenous and stable ink [269]. Usually, the mixing proce-
dure includes mechanical mixing followed by sonication. For ink, the essential material
properties or parameters are resin viscosity, stability/sedimentation of fillers, and cure
depth/penetration depth. The ink material properties highly depend on filler concentration
and size (micro/nano) [256]. In the process, parameters such as exposer time per projection,
layer height, waiting time before exposure, and influence of additives must be investigated
and optimized [255]. For instance, viscosity and storage modulus (before and after exposer
to UV light) of butyl acrylate-Fe2O3 composite inks are required to be very similar to that
of virgin butyl acrylate resin (Figure 10f) [255], which defines the limit of the filler loading.
Moreover, sedimentation is another major concern if micron-sized fillers are used [256].
There are a number of different studies where both materials and processes for vat-based
printing of composite inks are studied in detail, refer to [255,256,269–271].

Figure 10. Material modification and requirement to develop magneto-active 4D structures via FDM, SLS, and SLA techniques.
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(a) Composite filament formation method (adapted from [253]), (b) composite powder formation method (adapted
from [254]), (c) composite ink formation method (adapted from [256]), (d) examples of thermal and chemical proper-
ties of modified PLA-iron oxide composite filaments for FDM (adapted from [265]), (e) examples of thermal properties of
modified PA12-iron oxide composite powder for SLS (adapted from [254]), and (f) rheological properties of acrylate iron
oxide composite ink for DLP (adapted from [255]).

A few typical examples of 4D printed structures of magneto-active polymers using
FDM, SLS, and SLA (or its variants) are given in Figure 11. Development of a flower-like
structure is one common practice to demonstrate the 4D effect, where such flower-like
structures can blossom/open or close in the presence/absence of an external magnetic field.
FDM and SLS produce a more rigid structure while resin-based systems (SLA variants) can
produce flexible to rigid structures based on the varieties of tailored polymers because of
the greater flexibility to control the polymer network. Magneto-active polymeric struc-tures
possess a huge potential to exploit in a number of different applications such as in soft
robotics and in the biomedical field, where shape-shifting or shape morphing is highly
desired [237,238].

Figure 11. Examples of shape-morphing phenomenon demonstrated by 4D printed magnetic struc-
tures. (a) 4D effect of the flower-like biomimetic magnetic actuator under an external magnetic
field, produced via FDM printing [253], (b) 4D effect of a gripper under an external magnetic field,
produced via SLS printing [266], and (c) 4D effect of flower-like structure and folding of 2D to the 3D
structure under an external magnetic field, produced via DLP printing [255].
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6. Concluding Remarks

AM is transforming the manufacturing industry with the ability to produce geomet-
rically simple to highly complex and delicate structures. With a variety of 3D printing
processes available for a wide range of materials, 3D printing has been extensively adopted
in a number of different fields including but are not limited to mechanical engineering, civil
engineering, aerospace, electronics, and biomedical. In this review, various aspects of the
three most conventional, on the other hand, extensively adopted, 3D printing processes i.e.,
FDM, SLS, and SLA have been discussed. Correlation of three different aspects, materials,
processes, and properties, for these polymer 3D printing techniques is presented. Each of
these processes requires materials in a unique form which are filament, powder, and liquid
for FDM, SLS, and SLA respectively. Although the fundamental of developing the product
layer by layer remains the same, each method has a unique process and parameters of
manufacturing to consider. A few process parameters such as CAD design of the model
(.stl file), external environmental conditions, and the fundaments of 3D printing are similar
in all the processes.

In order to select a 3D printing process for a specific application the requirements of
print materials, properties of printed parts, the simplicity of printing, printing time, and
layer resolution are essential factors to be considered (Table 7). For instance, SLA has the
capability of printing high-resolution parts of up to 10 μm [33], while the minimum layer
resolution of the SLS printed part is 20 μm [123]and the FDM has the capability of printing
high-resolution parts of up to 40 μm [124]. On the other hand, in terms of the simplicity in
printing, FDM is the most suitable technique because the process is as simple as heating
the polymer filament to a semi-solid state and depositing it on the print bed. SLS is a
comparatively complicated process among others, it requires the movement of two systems:
roller and laser light. FDM 3D printers are the most economical and widely available while
SLS 3D printers are the expensive ones. According to a recent study [272], a reasonable
result in terms of accuracy can be achieved with all print methods; however, the preference
should be more based on the print material, the intended application, and the budget. For
example, dimensional accuracy and precision of 50 mandibular samples produced from
various techniques show that the highest accuracy was found for SLS (0.11 ± 0.016 mm),
followed by FDM (0.16 ± 0.009 mm) and SLA (0.45 ± 0.044 mm) [272]. In terms of print
time, in their study, SLS (~ 48 min) is the fastest followed by FDM (~2 h and 40 min) and the
SLA (~ 5 h 16 min plus post-processing ~15 min). On the other hand, in terms of cost, the
SLS printer has the highest purchase price (e.g., EOSINT P 385 ~ USD 150,000), followed by
the FDM printer (e.g., Ultimaker 3 Ext. ~USD 4000) and the SLA printer (e.g., Form 2 ~USD
3500), please note that the prices are estimates and may vary by reseller or country [272].
All in all, the FDM, being the simplest printing method, always marks higher in different
aspects and thus is a highly reliable option in a number of different applications.

For each process, a wide range of materials are commercially available. For FDM,
ABS, and PLA are the most prominently used thermoplastic filaments while, for SLS,
PA12 powders are most widely used. For SLA, standard resins with unique formulations
for different applications are developed by the manufacturers and there are a number
of unique photocurable formulations based on polyester, polycarbonate, and polyether
polymers, developed in the research laboratories. Although traditional SLA offers high
lateral resolution compared to FDM and SLS, it is inadequately slow for large objects,
therefore, a number of variants of vat-based techniques such as digital light processing
(DLP), continuous liquid interface production (CLIP), and two-photon polymerization
(2PP) have emerged to facilitate the printing time as well as resolution (2PP provides
resolutions in the nm range).
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Table 7. A comparative overview of FDM, SLS, and SLA printing processes. The representation is created to provide a
guideline only.

Fused Deposition Modelling
(FDM)

Selective Laser Sintering (SLS) Stereolithography (SLA)

Operational principal Material extrusion Laser sintering UV curing

Resolution

Accuracy

Surface finish

Design complexity

Ease of use

Printing time

Advantages

Fast printing process
Low part production cost
Wide variety of materials

are required

Functional parts
Design freedom

No support structures
is required

High-resolution parts can be
achieved

Wide range of functional
applications

High accuracy

Limitations
Poor surface finish

Support structures are required
Rough surface finish

Lengthy printing time

Limited materials
High maintenance cost

is required

4D printing, on the other hand, offers developing highly innovative and sophisticated
devices/structures for various applications such as in soft robotics and the biomedical field.
As reviewed in this work, FDM and SLA (mostly its variants) are increasingly adopted 4D
printing techniques compared to SLS owing to their facile process and appropriateness for a
variety of materials. The fundamental question/challenge of 4DP is how to modify the print
materials (ink/resin/powder) as the well-established or commercially available materials
cannot directly be used. The addition of various stimuli-active filler materials such as
magneto-active, electro-active, and so on are to be incorporated successfully. Tailoring
material properties, as well as optimization of the 3D print methods, are different from
each other, i.e., for FDM, SLS, and SLA. In order to make printable materials as well as to
meet the requirement of the targeted 4D application, a detailed investigation of the print
materials and print processes is necessary. 4D printing is a highly interdisciplinary field
and the expertise of material modification, process, and characteristics of targeted 4D effect
is required for successful printing.

The material-process requirements discussed here in this review for a magneto-active
polymer-based system remains similar for other active systems to develop other stimuli-
active or even multi-stimuli-active 4D structures. It is believed that the correlation of
material-process-properties of conventional polymeric material-based 3D printing together
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with an example of 4D printing provides a methodical guideline for 3D/4D printing of
polymer materials using FDM, SLS, and SLA (or its variants).
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Abbreviations

AM Additive Manufacturing
CAD Computer-Aided Design
ASTM American Society for Testing and Materials
FDM Fused Deposition Modelling
LOM Laminated Object Manufacturing
WAAM Wire and Arc Additive Manufacturing
EBF3 Electron Beam Free Form Fabrication
SLS Selective Laser Sintering
EBM Electron Beam Melting
SLM Selective Laser Melting
LMD Laser Metal Deposition
SLA Stereolithography
MJ Material Jetting
STL Standard Tessellation Language
FFF Fused Filament Fabrication
PLA Polylactic Acid
SLA Selective Laser Sintering
PP Polypropylene
TPU Thermoplastic Polyurethane
TPE Thermoplastic Elastomer
ABS Acrylonitrile Butadiene Styrene
TGA Thermogravimetric Analysis
PA Polyamide
PEEK Polyether Ether Ketone
TGA Thermogravimetric Analysis
PCL Polycaprolactone
PLGA Polylactic Glycolic Acid
PEI Polyethylenimine
PEKK Polyetherketoneketone
ASA Acrylonitrile Styrene Acrylate
PMMA Polymethyl Methacrylate
PS Polystyrene
PET polyethylene Terephthalate
PES Polyethersulfone
PVA Polyvinyl Alcohol
PPF Polypropylene Fumarate
PTMC Polytrimethylene Carbonate
PEG Polyethylene Glycol
DSC Differential Scanning Calorimetry
CIPs Carbonyl Iron Powders
DLP Direct Laser Processing
μCLIP Micro-Continuous Liquid Interface Production
DIW Direct Ink Write
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Abstract: Electroactive PVC gel is a new artificial muscle material with good performance that can
mimic the movement of biological muscle in an electric field. However, traditional manufacturing
methods, such as casting, prevent the broad application of this promising material because they
cannot achieve the integration of the PVC gel electrode and core layer, and at the same time, it is
difficult to create complex and diverse structures. In this study, a multi-material, integrated direct
writing method is proposed to fabricate corrugated PVC gel artificial muscle. Inks with suitable
rheological properties were developed for printing four functional layers, including core layers,
electrode layers, sacrificial layers, and insulating layers, with different characteristics. The curing
conditions of the printed CNT/SMP inks under different applied conditions were also discussed. The
structural parameters were optimized to improve the actuating performance of the PVC gel artificial
muscle. The corrugated PVC gel with a span of 1.6 mm had the best actuating performance. Finally,
we printed three layers of corrugated PVC gel artificial muscle with good actuating performance. The
proposed method can help to solve the inherent shortcomings of traditional manufacturing methods
of PVC gel actuators. The printed structures have potential applications in many fields, such as soft
robotics and flexible electronic devices.

Keywords: direct writing; PVC gel; artificial muscle; rheological behavior; integrated printing

1. Introduction

Artificial muscle is a material or structure that can undergo various forms of defor-
mation under external excitations (i.e., electricity [1–5], heat [6–8], light [9,10], magnetic
field [11,12], fluid pressure [13–15], and chemical stimulation [16]) and output strain and
stress. Artificial muscle is named for its ability to achieve biological muscle-like function,
and it has broad application prospects in fields such as robots [4,13,17–19], flexible elec-
tronics [20,21], smart textiles [22], and medical rehabilitation [23,24]. Among the various
actuating modes of artificial muscles defined according to the external excitation, the
electrical actuating mode has advantages of easy control and a wide application range.
Electroactive polymers (EAPs) are a class of electrically actuated artificial muscle materials
that are of great interest to researchers. Typical representatives of EAPs include ionic poly-
mer/metal composites (IPMCs), dielectric elastomers (DEs), and electroactive polyvinyl
chloride (PVC) gel. Among these materials, IPMC has advantages of low operating voltage
(1–3 V) and a response time of seconds; however, its actuating force is limited, the working
energy density is less than other EAPs, and its durability is poor in dry environments [25].
DE has the advantage of a fast response and can work in air; however, DEs generally
require operating voltages of up to several kV to meet electric field strength requirements,
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which increases the risk of electrical breakdown. However, PVC gel has advantages of
high output stress and strain, quick response, good thermal stability, moderate working
voltage, low power consumption, and a long cycle life [5], as well as the advantages of DE
and IPMC. Therefore, it has more potential in the application [26].

Deformation principle of PVC-gel actuator is shown in Figure 1; in an applied electric
field, PVC molecules migrate to the anode, the gel is polarized, and a Maxwell force is
generated, which results in creep deformation of PVC gel near the anode and compression
of PVC gel in the thickness direction. The PVC gel can return to its original shape under its
own elasticity when the electric field is turned off [27].

Figure 1. Deformation principle of PVC-gel actuator. (a) Discharge (b) Charge.

The PVC-gel actuators in application include the traditional mesh anode-planar PVC
gel-planar cathode structure (referred to as the planar PVC gel actuator) [5,24] and, more
recently, the planar electrode-corrugated PVC gel structure (referred to as the corrugated
PVC gel actuator) [20,28]. For any of the structures, the basic actuating unit is the sandwich
structure as electrode layer–core layer–electrode layer. A key common feature of the two
typical actuators is the existence of pore structures, which are necessary for the actuators to
deform effectively; for example, the migration of the peak material to the valley floor or
the transfer of planar materials into the mesh pores.

The current manufacturing method of PVC gel is to mix PVC, dibutyl adipate (DBA),
and tetrahydrofuran (THF) together to form a precursor material and then cast the material
into molds to obtain films with designed shapes [5]. To make a PVC gel actuator, the
traditional method also requires the fabricated PVC gel films to be cut and then manually
stacked with metal electrodes. Obviously, the casting method is only suitable for manufac-
turing simple 2D structures, and it is difficult to produce complex, diversified, flexible 3D
structures. To overcome this issue, additive manufacturing is a possible choice. Rossiter
and co-workers proposed a filament additive manufacturing technique to create complex
(3D) PVC gel structures. The 3D printing process was introduced, where a precursor
material (PVC precursor powder mix with DIDA) is extruded into a thermoplastic filament
for 3D printing [29]. However, the electrode printing process results in many difficulties
because most electrode materials are not thermoplastic, which is essential for PVC-gel
as actuators.

Recently, multiple reports have shown that a wide variety of materials have been
used in 3D direct writing, including hydro-gels [30], nano-particles [31], polyelectrolytes,
ceramics [32], shape memory polymers, and carbon materials [33]. Direct writing is a layer-
by-layer assembly technique in which shear-thinning inks are extruded through a nozzle
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in a programmable pattern, upon which the inks rapidly solidify via gelation, evaporation,
or temperature-induced phase change [32]. There are few reports with respect to PVC-gel
solution printing by direct writing. Meanwhile, electrode printing, when adopting the
direct writing process, has been successful in the presence of a conductive solution that
can be cured, such as carbon nanotubes (CNTs) doped polymer and ionic gels [33]. In
this work, integrated printing process of electrodes and core layers for fabricating PVC
gel artificial muscle were proposed. CNTs doped shape memory polymers (CNT/SMP)
were designed for PVC-gel electrode. Sacrificial materials (F127) were used for creating
different PVC core structure. Inks with suitable rheological properties were developed for
printing four functional layers, including core PVC layers, electrode layers, sacrificial layers,
and insulating layers, with different characteristics. The corrugated PVC gel structural
parameters were designed and optimized to improve the actuating performance of the PVC
gel artificial muscle. Several techniques were used to evaluate the feasibility of the process,
including conductivity tests, rheology measurements, and electro-mechanical tests.

2. Experimental Section

2.1. Materials Preparation and Structure Design

Polyvinyl chloride (PVC, degree of polymerization 4000) was purchased from Sci-
entific Polymer Products Inc., New York, NY, USA. Dibutyl adipate (DBA) was obtained
from Hubei Jusheng Technology Co., Ltd., Tianmen, P.R. China. Tetrahydrofuran (THF)
was purchased from Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, P.R. China. Pluronic
F-127 was purchased from Sigma-Aldrich, St. Louis, MO, USA. The multi-walled CNTs
(Time Nano China, TSW3, diameter 10–20 nm, length 0.5–2 μm, >98%) were from Chengdu
Organic Chemicals Co., Ltd., Chinese Academy of Sciences, Beijing, P.R. China. Dimethy-
lacetamide (DMAC) was obtained from Aladdin Reagent Co., Ltd., Shanghai, P.R. China.
Shape memory polymer (SMP, DiAPLEX MM4520) was from Mitsubishi Co., Ltd., Tokyo,
Japan. Ecoflex 00-20 was purchased from Smooth-On Inc., Macungie, PA, USA.

As shown in Figure 2a, CNT doped shape memory polymers (CNT/SMP) were chosen
for printing PVC-gel electrode because the electrodes’ hardness is suitable [31]. The Ecoflex
silicone materials, which possess very high insulation performance, were designed for
connecting PVC-gel actuator units. To fabricate the flexible artificial muscle structure, it
was first necessary to prepare inks suitable for direct writing and to satisfy the functional
requirements for core layers, sacrificial layers, electrode layers, and insulating layers. Using
a printing device with a pneumatic ink extrusion system (Figure S1), each functional
layer was printed in sequence with the prepared inks to produce the composite structure.
In particular, pluronic F-127 is a polyethylene oxide (PEO)-polypropylene oxide (PPO)-
polyethylene oxide (PEO) triblock copolymer. As shown in Figure 2b, F-127 has thixotropic
properties. When the ink was prepared, the molecules cross-linked with each other to form
gel networks. When the gel was subjected to shear stress, the networks broke down and
the ink became fluid-like so it could be conveniently extruded through a nozzle. After
the shear stress was removed, the ink quickly turned to gel with rigidity that could help
maintain the shape of the printed structure. In this paper, the F-127 gel inks were printed
for constructing a corrugated PVC-gel core structure.
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Figure 2. (a) Schematic diagram of the printing process of the artificial muscle structure. (b) Schematic diagram of the
thixotropic property of the F-127 gel ink.

The PVC gel ink consisted of three constituent materials: PVC, DBA, and THF. For
preparation of the gel ink, the three constituents were proportionally mixed (referring
to research on the relationship between the proportion of PVC gel and its properties in
literature [34,35], the mass ratio used in this paper was PVC:DBA:THF = 1:7:12), and then
the solution was stirred by a magnetic stirrer for 2–3 days until the gel became homogenous,
colorless, and transparent. F-127 gel ink was comprised of F-127 and deionized water.
During the preparation process, F-127 was mixed with deionized water in proportion
and then the mixture was stirred for 15 min at 2000 rpm by a planetary mixer (HM800)
to obtain the colorless, transparent gel. When preparing CNT/SMP composite ink, SMP
was first mixed with DMAC, which served as a solvent, and the mixture was heated
(60 ◦C) and magnetically stirred (600 rpm) for approximately 4 h such that the SMP
particles were completely dissolved to form a transparent solution. Subsequently, CNTs
were added proportionally to the solution and the mixture was dispersed by ultrasound
for approximately 3 h until the carbon nanotubes were evenly dispersed in the solution.
Finally, using a magnetic stir heater (60 ◦C, 600 rpm), the solution was concentrated for
approximately 5 h to produce ink containing 30 wt.% solid phase that could be used for
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printing. Ecoflex silicone consisted of two components: Ecoflex-A and Ecoflex-B. To prepare
the Ecoflex ink, the A and B components were mixed at a mass ratio of 1:1 and stirred.

2.2. Performance Characterization of the Inks

When analyzing the electrical properties of the CNT/SMP composites, CNT/SMP
composites with different CNT contents were made into long strips (40 mm × 5 mm
× 1 mm). The resistance of the strips was measured using a source meter (2450 SourceMe-
ter, Keithley, Tektronix, Cleveland, OH, USA) and the conductivity of composites with
different proportions was calculated. The rheological behaviors of the prepared inks were
measured by a rheometer (MCR 302, Anton Paar, Graz, Austria) fitted with a parallel-plate
geometry (PP35Ti, diameter of 35 mm and gap of 0.6 mm) at 25 ◦C. The apparent viscosity,
storage modulus (G′), and loss modulus (G′′) of the PVC gel ink, F-127 gel ink, CNT/SMP
composite ink, and Ecoflex ink were measured as a function of the angular frequency from
0.628 rad/s to 62.8 rad/s under fixed strain (1%) and shear stress (from 0.1 to 100 Pa) in
oscillatory mode at 1 Hz.

2.3. Direct Writing Process

In this paper, the 3D printing used a multi-nozzle direct writing device (Figure S1).
In the first step, the 3D models were established in CAD software (SolidWorks 2016) and
then imported software to generate G codes. The second step was to install the syringe
with ink for printing to the designed position in the direct writing device. In the third step,
the designed structure was printed layer-by-layer by controlling the movement of the 3D
positioning stage according to G codes and adjusting the output air pressure to control the
extrusion speed of the ink.

2.4. Post-Processing of the Printed Structures

After printing the composite structures of the PVC gel actuators, it was necessary
to immerse them in water to remove the sacrificial material and obtain the designed cor-
rugated PVC gel. Post-processing by curing was also needed for the printed CNT/SMP
composites (for both the curing of the shape and the formation of conductive network char-
acterized by improved conductivity). Therefore, the curing characteristic of the CNT/SMP
composite ink and the relationships between the conductivity and time at different curing
temperatures were studied. We used 10 wt.% CNT/SMP ink to produce rectangular sheet
samples (40 mm × 20 mm × 0.4 mm) that were heated in a vacuum oven or stored at room
temperature. At regular intervals, the shape curing was observed, and the resistance was
measured to determine the relationship between the conductivity and time. To study inte-
grated printing of PVC gel artificial muscles, we combined the above two post-processing
methods, proposing a method for placing the printed structure at room temperature first
and then heating in a water bath, and studied the effects of this method on the dissolution
of the sacrificial layers and the curing of the CNT/SMP composite ink.

2.5. Performance Characterization of the PVC Gel Artificial Muscle

The actuating performance of the PVC gel artificial muscle was measured by a test
system (Figure S2, Supporting Information). The displacement of the artificial muscle
with a laser sensor (LK-G500, KEYENCE, Osaka, Japan) was measured using a signal
generator (DG4062, RIGOL, Beijing, P.R. China) and voltage amplifier (MODEL 20/20C,
TREK, Waterloo, WI, USA) to apply voltage to the electrode layers of the artificial muscle.

3. Results and Discussion

3.1. Printability of Printing Inks

Rheology measurements were conducted for evaluating printability of inks. As shown
in Figure 3a,b. The apparent viscosity of the prepared inks decreased with an increase
in the angular frequency, proving that they were shear-thinning non-Newtonian fluids
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appropriate for direct writing. The G′ of the PVC gel ink was greater than its G′′, and their
difference decreased with an increase in angular frequency.

Figure 3. Preparation and performance characterization of the inks. (a) Viscosity and (b) moduli (storage modulus G′ and
loss modulus G′′) of the PVC gel ink, F-127 gel ink with different concentrations, pure SMP ink, CNT/SMP ink, and Ecoflex
ink as a function of the angular frequency.

Therefore, when the shear effect was strong and the angular frequency was high, the
PVC gel ink had excellent fluidity and, thus, good filling performance. Alternatively, when
the shear effect was weaker and the angular frequency decreased, the difference between G′

and G′′ increased, which resulted in a decrease in fluidity; therefore, the printed shape was
easy to maintain. These characteristics are also demonstrated in Figure 4a. The PVC-gel
ink exhibited solid-like gel behavior (G′ > G′′) at stresses (0.1–29.81 Pa) and liquid-like
gel behavior (G′ < G′′) at stresses >29.81 Pa, which indicated that this ink is suitable for
direct writing [36]. As for F-127 gel ink, at the same angular frequency, with an increase
in F-127, the viscosity of the F-127 gel ink increased, and the printability increased. The
G′ of each experimental group was greater than G′′, indicating that the material was in a
non-flowing state. With the increase in F-127 content, this behavior was more obvious, and
thus, the shape retention ability of the printed structure and the printing accuracy were
better. Additionally, 40 wt.% F-127 gel ink storage and loss modulus decreased steadily
when the stress was increased from a very low stress of 0.1 Pa up to 10 Pa in Figure 4b, and
the 40 wt.% F-127 gel ink exhibited solid-like gel behavior (G′ > G′′) at stresses (0.1–7.41 Pa)
and liquid-like gel behavior (G′ < G′′) at stresses >7.41 Pa, which indicated the thixotropic
properties. As the main purpose of using this material was to obtain the required pore
structure in the core layers with high printing precision, in the following study, 40 wt.%
F-127 gel ink was used to print the sacrificial layers.

164



Polymers 2021, 13, 2734

Figure 4. Plot of the storage modulus and loss modulus as a function of shear stress. (a) PVC-gel ink, (b) F-127 gel ink,
(c) Ecoflex ink, (d) CNT/SMP composite ink.

The rheological properties of the Ecoflex ink were measured after storage at room
temperature (25 ◦C) for 20 min. The ink reached a semi-cured state since the molecular
chains of the two components had gradually crosslinked, and the G′ of the Ecoflex ink was
greater than G′′. Therefore, the ink can be used to print stable lines. For both pure SMP
ink and CNT/SMP ink with 10 wt% carbon nanotubes, their G′′ were greater than their
respective G′, demonstrating strong fluidity suitable for printing the planar structure in
this paper that can also produce good surface quality. Additionally, after CNT loading,
the viscosity and moduli (G′ and G′′) of the ink were greater than that of pure SMP ink,
showing that CNT had a good thickening effect. The 10 wt% CNT/SMP composite ink’s
fluidity is indicated in Figure 4d; its loss modulus was higher than the storage modulus
at stresses (0.1–10 Pa). We systematically evaluated the printability of inks by process
experiments. The influence of the extrusion pressure (P) and nozzle moving speed (V)
on the filament width of the printed inks are listed in Figure 5. At the lowest extrusion
pressure and highest nozzle moving speed, a minimum fiber diameter was achieved with
the nozzle diameter (0.29 mm) for each ink. The process parameters used in the subsequent
printing experiment are as follows: PVC-gel inks (P = 20 KPa, V = 12 mm/s); F127-gel inks
(P = 370 KPa, V = 12 mm/s); CNT/SMP inks (P = 260 KPa, V = 6 mm/s); Ecoflex inks
(P = 180 KPa, V = 10 mm/s).
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Figure 5. Influence of the extrusion pressure and nozzle moving speed on the printed diameter (a) PVC gel ink, (b) F-127
gel ink, (c) CNT/SMP ink, (d) Ecoflex ink.

3.2. Research Results of Curing Methods

The solidification of electrode and the integrated structure shown in Figure 2 is the
key to the success of printing PVC-gel actuators. The curing properties of the CNT/SMP
ink were analyzed (including both shape curing and conductive network formation char-
acterized by improved conductivity) at different temperatures. After heating at 80 ◦C
for 10 min, 60 ◦C for 15 min, or storage at room temperature (25 ◦C) for 48 h, the shape
of the composites was completely cured and their surface was uniform and dense. The
conductivity–time relationships of the CNT/SMP composite ink at different temperatures
are shown in Figure 6a,b. As shown in the figure, higher temperatures resulted in a faster
increase in conductivity and a higher final conductivity. After heating at 80 ◦C for 3 h,
the conductivity tended to be stable up to 5.06 S/m. After heating at 60 ◦C for 4 h, the
conductivity reached 3.61 S/m. At room temperature, the curing speed was too slow to
meet the requirements of this paper. However, because of compatibility issues of multiple
different material systems, the layer-by-layer thermal curing method was not suitable for
the integrated printing of multi-material composite structures. For example, the thermal
curing of the upper electrode layer may cause the sacrificial layer to lose moisture quickly
and melt before the shape of the upper electrode layer is solidified, leading to collapse of
the overall structure. Similarly, repeated heating at high temperature for a long time may
also affect the performance of PVC gel core layers. Therefore, we proposed a step-wise
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curing method for the printed electrode layer, which included room temperature storage
for 48 h to cure the shape and then uniform heat in a water bath after printing. Uniform
heating was used to avoid the effects of repeated heating on the performance of the PVC
gel core layers. Water bath heating allowed the sacrificial material to be rapidly dissolved
and helped uniformly heat the electrode. Regarding the heating temperature, long-term
heating of the structure at 80 ◦C could greatly attenuate the performance of PVC gel core
layers, while heating the structure at 60 ◦C had little effect. Therefore, 60 ◦C was selected
as the heating temperature. For the printed electrode layers, the first step of incubating at
room temperature for 60 h was to ensure that the shapes of the samples were completely
cured. As shown in Figure 6c, the conductivity increased slowly at room temperature, and
increased rapidly when the samples were heated in a water bath. After the samples were
heated in a water bath at 60 ◦C for 30 min, the conductivity reached 1.87 S/m, which meets
the requirements for conductivity of the electrode material in actuators. Therefore, when
separately printing the electrode layers, the selected curing condition was 80 ◦C for 3 h. For
integrated printing of PVC gel actuators, the curing method for the electrode layers was
first storage at room temperature for 60 h until the shape of the newly printed electrode
layer was completely cured, printing of the other layers, and after the shape of the top
electrode layer was completely cured, heating of the entire structure in a 60 ◦C water bath
for 30 min.

Figure 6. The conductivity of the CNT/SMP composite inks as functions of time (a) at 80 ◦C, 60 ◦C, (b) room temperature
(25 ◦C), and (c) stepwise curing conditions.
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3.3. 3D Printing Processes of Flexible PVC Gel Artificial Muscle Structures

The printing methods of the core layers, electrode layers, and whole artificial muscles
were studied. Initially, the printing method of the corrugated PVC gel core layers was
studied. A corrugated F-127 gel sacrificial layer was printed and then the PVC gel was
printed on top, filling the pores of the sacrificial layer. The PVC gel was cured at room tem-
perature (25 ◦C) for approximately 12 h. The resulting composite structure was immersed
in water to remove the sacrificial material, and after drying, a corrugated PVC gel core
layer was produced, as shown in Figure 7a. The fabricated corrugated PVC gel core layer
had good elasticity and transparency with an obvious corrugated shape. The shape of the
corrugation in the core layers is shown in Figure 7b. To study the effect of the corrugation
scale on the actuating performance of the PVC gel core layers, we designed and printed
five groups of corrugated PVC gels with different spans, b. The dimensions of each group
were as follows: a = 0.2 mm, h = 2 mm, d = 0.3 mm, and b = 0.8, 1.2, 1.6, 2.0, 2.4 mm. The
bottom of the core layer had a planar size of 40 mm × 20 mm.

Figure 7. Cont.
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Figure 7. Printing process and printed structures. (a) Finished corrugated PVC gel core layer.
(b) Designed shape of the corrugation in core layers. (c) Finished CNT/SMP composite electrode
layer. (d) Printing process of a single layer PVC gel actuator. (e) Printing process of a multilayer PVC
gel actuator.

Additionally, we printed CNT/SMP composite electrode layers (40 mm × 20 mm ×
0.2 mm) and then cured them at 80 ◦C for 3 h. Stainless steel wire and conductive silver
paste were used to wire them together. As shown in Figure 7c, the finished electrode layer
had a dense and smooth surface with suitable rigidity.

Based on the above research, we printed the artificial muscle structure shown in
Figure 2a in an integrated way. From the perspective of manufacturing, the functional
layers of this structure were integrated printings layer-by-layer at different times to produce
a complete structure. Regarding the working principle, all of the electrode layers in contact
with the corrugated side of the corrugated PVC gel core layers should be connected to the
anode, while all of the electrode layers in contact with the planar side of the corrugated
PVC gel core layers should be connected to the cathode. To avoid mutual interference
or coupling of different actuating units when powered, the insulating layers of silicone
Ecoflex were placed between adjacent actuating units.

As shown in Figure 7d, single layer actuators (actuating units) were first printed. At
the beginning, the bottom electrode layer was printed and then heated in a vacuum oven
at 80 ◦C for 3 h to completely cure. Subsequently, the sacrificial layer was printed over the
bottom electrode layer. The PVC gel core layer was then printed on the sacrificial layer
to fully fill and cover the pores of the sacrificial layer, and the sample was stored at room
temperature for approximately 12 h until the THF was sufficiently volatilized and the PVC
gel was cured. The top electrode layer was then printed on the core layer, and the sample
was stored at room temperature for 60 h until the top electrode layer was cured. After
printing, the following post-processing of the sample was performed. First, the composite
structure was heated in a water bath at 60 ◦C for 30 min until the sacrificial layer was
completely dissolved. Next, after drying, the edges of the sample were cut to avoid contact
between the two electrode layers at the edges, which may result in short circuit of the
actuator during testing. Finally, stainless steel wire and conductive silver paste were used
to create a lead from the two electrode layers. After heating at 60 ◦C for approximately
15 min to solidify the conductive silver paste, the integrated printed corrugated PVC gel
actuating unit was complete.
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On this basis, we studied the printing method of a multilayer PVC gel actuator (two
layers and three layers), and Figure 7e illustrates the printing process with a triple layer
actuator as an example. Insulating layer 1 was printed on actuating unit 1 and then stored
at room temperature for 4 h for complete cure. Similarly, the bottom electrode layer,
sacrificial layer, core layer, and top electrode layer were printed in sequence, wherein the
electrode layers and core layer were both cured at room temperature before printing the
next functional layer, thereby, completing the printing of actuating unit 2. The process
continued to superimpose the required number of actuating units. After the overall
structure was printed and the electrode layers cured, the entire structure was heated in a
water bath at 60 ◦C for 30 min to remove the sacrificial layer. The sample was then trimmed
and leaded to complete fabrication of the multilayer actuators.

3.4. Performance Characterization of the Printed Structures

To test the actuating performance of the printed corrugated PVC gel core layers, three
pieces of PVC gel from each of the five experimental groups with varying spans and four
pieces of zinc foil electrode (40 mm × 20 mm × 0.07 mm) were superimposed to make a
metal electrode-based PVC gel actuator. At different voltages (400 to 800 V, 1 Hz, 50% duty
cycle square wave), the strain of the actuators was tested as a function of the corrugated
span of core layers, as shown in Figure 8a. The strain of each actuator increased with an
increase in voltage. As the corrugated span increased, the strain at each voltage exhibited a
single peak form that increased first and then decreased. The corrugated PVC gel with a
span of 1.6 mm had the best actuating performance, and the strain of the actuator using
this kind of PVC gel core layer reached 9.9% at 800 V. Overall, the PVC gel printed using
the additive manufacturing method described in this paper had good electro–deformation
performance. Additional experiments in this study used a corrugated PVC gel with a span
size 1.6 mm.

To prove the applicability of the printed CNT/SMP composite electrode, we super-
imposed three pieces of corrugated PVC gel with the 1.6 mm span and four pieces of
CNT/SMP composite electrode to form a CNT/SMP composite electrode-based PVC gel
actuator and tested the strain versus voltage (400 to 800 V, 1 Hz, 50% duty cycle square
wave). Figure 8b shows a comparison of the actuating performance of the CNT/SMP
composite electrode-based actuator and a metal electrode-based actuator with the same
kind of core layer. The strain of the two actuators at the same voltage were similar. The
strain of the CNT/SMP composite electrode-based actuator reached 10.3% at 800 V, proving
that the performance of the printed CNT/SMP composite electrode was similar to that of
the metal electrode, meeting the requirements of this study.

Figure 8. Cont.
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Figure 8. Performance of the printed structures. (a) The strain–span curves of metal electrode-based PVC gel actuators
at different voltages. (b) The strain–voltage curves of the CNT/SMP composite electrode–based actuator and a metal
electrode-based actuator with the same kind of core layer. (c) The strain–stress curves of the PVC gel actuators with different
numbers of layers under voltage from 200 V to 800 V.

For testing the actuating performance of the corrugated PVC gel actuators obtained
by integrated printing, the strain–voltage (400 to 800 V, 1 Hz, 50% duty cycle square wave)
relationship without load and the strain–load (0 to 70 g) relationship (constant application
of 800 V, 1 Hz, 50% duty cycle square wave) of the actuators with varied number of layers
(1 to 3) were measured. As shown in Figure 8c, at the same voltage and as the number
of layers increased, the strain gradually decreased: at 800 V, the strain of the single layer
actuator was as high as 10.9%, the strain of the double layer actuator was up to 8.5%,
and the strain of the triple layer actuator reached 8.0%. Since the insulating layers in
the multilayer structure increased the total thickness, the strain of the actuators typically
decreased to some extent as the number of layers increased. As the load increased, the
strain gradually decreased, and the speed gradually slowed. The fewer number of layers,
the faster the decreasing speed. When subjected to the same stress (0 to 300 kPa) at the
variable voltage (200 to 800 V), the strain increased with the number of layers. As the
number of superimposed layers increased, the total output force of the actuator increased,
so the load carrying capacity increased and, thus, the negative effect of load on the actuating
strain decreased accordingly. The performance of our printed actuators is better than that
of the actuators made by casting reported in the literature [37].

4. Conclusions

In summary, we used direct writing to print a series of flexible PVC gel artificial mus-
cles with good actuating performance in the integrated way. Inks with tailored rheological
properties met the corresponding functional requirements. PVC gel ink, F-127 gel ink,
CNT/SMP composite ink, and Ecoflex ink were used for printing core layers, sacrificial
layers, electrode layers, and insulating layers, respectively. The inks were prepared, char-
acterized, and evaluated for curing. Using these inks, multi-material composite artificial
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muscle structures with complex geometries were fabricated. Performance testing of these
structures demonstrated the feasibility of the proposed manufacturing method. Our flexi-
ble PVC gel artificial muscles with good actuating performance prepared by integrated
printing have potential application in soft robotics, medical rehabilitation, and wearable
electronic devices. The proposed method of integrated printing artificial muscles intro-
duces a new route to solve the inherent problems of the traditional fabricating methods of
PVC gel, which lays a foundation for the broad application of this new artificial muscle
material in various fields.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13162734/s1, Figure S1. Experimental setup for the direct writing process; Figure S2.
Composition of 3D printing system; Figure S3. Schematic illustration of the system used to test the
PVC gel artificial muscle actuating performance. Video S1: Actuating performance of the triple layer
printed structures.
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Abstract: Additive manufacturing has progressed rapidly, and the unique attributes of the layer-wise
material consolidation are attracting ever increasing application potentials in critical sectors such as
medical and aerospace industries. A lack of materials options has been the main bottleneck for the
much wider uptake of these promising new technologies. Inventing new material alternatives has
been central to most of the research attention in additive manufacturing in recent times. The current
research is focused on evaluating the polyphenylsulfone polymer powders for the first time as fire-
resistant candidate materials for processing by selective laser sintering, the most promising additive
processing method for polymeric material systems. Experimental evaluations were undertaken
based on a selective laser sintering test bed. Single layer and multi-layer samples were produced
for microstructural and mechanical characterisations. The microstructural evaluations and the
mechanical property results indicate sufficient intra- and inter-layer consolidation together with
reasonable tensile property responses. The lower viscosity and thermal conductivity characteristics
rendered lower tensile strengths, which will require some further attention in the future, for better
consolidation and mechanical properties.

Keywords: polyphenylsulfone; PPSF; fire-resistant; additive manufacturing; aircraft interior; selec-
tive laser sintering

1. Introduction

Considering their highly inflammable nature and toxicity, fire-safe qualities are manda-
tory for polymer materials used in aero-space applications, which are normally achieved
by chemical or physical treatments [1–5]. The additives often may adversely affect the en-
vironment or the properties of the fire-resistant polymer [6,7] but intrinsically fire-resistant
options such as poly ether ketone (PEEK) have proved to be effective [8]. Several flame-
retardant polymers are effectively in use for aircraft interior parts, confirming to the FAR
25.855 standards [9–11]. However, the-e has been a never-ending urge to identify new
materials and processes for more efficient building of fire-retardant interior components of
aircrafts [12].

Injection moulding [13], hand lay-up, spray-up, compression moulding, filament
winding, pultrusion, resin transfer moulding, vacuum-assisted resin transfer moulding,
infusion, and continuous panel processing [1] are common methods traditionally used for
making fire-resistant polymer parts for the aircraft interior. While these are well-developed
manufacturing solutions, the production lead times are often high and the supply-chains
quite intricate. Additive manufacturing methods have recently evolved from the erstwhile
rapid prototyping stages, offering potential new material processing solutions with better
freedom to achieve more complex and optimum design forms. In particular, with the
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possibility to simplify the supply-chain and inventory constraints, these new methods are
attracting significant attention in the aircraft manufacturing and maintenance tasks [14].

Two of the most common AM techniques for processing polymers are selective laser
sintering (SLS) and fused deposition modeling (FDM) based on powder bed fusion and
material extrusion techniques, respectively. It is well known that the components processed
by SLS or by FDM show properties, which heavily depend on the building orientation and
processing parameters. In SLS, the main parameters to be optimised are the laser power, the
laser scanning pattern, and speed and the hatch distance [15]. For FDM technique, on the
other hand, the extrusion speed, deposition temperature of filament, infill percentage, and
raster angle and strategies play critical roles [16]. In both techniques, the parts produced
can show different mechanical properties depending on those processing orientation and
parameters, as they affect the intra- and inter-layer conditions. This is due to the very nature
of additive technologies, producing components in a point-wise material consolidation
manner. The advantages and disadvantages, and a general comparison between the two
techniques are concluded in [15,17,18]. Summarising, FDM is relatively cheap, allows multi-
colour solutions, bigger build sizes, and low post-processing costs. On the other hand, SLS
needs no support structures, gives better surface quality and part definitions, allowing to
produce movable joints with high resolution and close tolerances. However, FDM is inferior
to SLS in terms of part quality, anisotropy of the material consolidation, stair-step problems,
higher porosity levels, and the need for support structures. The main drawback with SLS
is the limited materials options currently available and highly proprietary nature of the
materials that are already in use. Further, SLS parts generally have superior mechanical
strength and less anisotropy [17]. For example, with Poly-Ether-Ether-Ketone (PEEK), the
tensile strengths are 40 to 55 MPa [19,20], and 80 to 90MPa [21] when processed by FDM
and SLS, respectively.

Despite the numerous benefits additive manufacturing can bring to the polymer-based
manufacturing of aircraft parts, the progress so far has been limited, and mostly confined
to the fused deposition modelling (FDM) methods [22]. Proprietary materials and the
black-box-type commercial systems have rendered obstacles for the wide range exploration
of different materials and processes in applying the additive methods to the needs of the
aircraft industry [23]. In particular, the stairstep effects, fibre discontinuity, and the meso-
structural limitations [16] typical of FDM render inherent weaknesses in the consolidated
material structures. Selective laser sintering (SLS), on the other hand, is a powder bed
fusion process for polymers and the point-by-point laser induced energy allows to achieve
a better material consolidation mechanics through controlled inter-particle coalescence [24].

There is also a dearth of materials options for processing aircraft parts using fire-
retardant polymeric materials. In particular, the laser sintering route lacks a variety of
materials options to choose from [25]. Polyphenylsulfone (PPSF or PPSU) is an amor-
phous thermoplastic, which is also intrinsically flame retardant, with a decent mechanical
strength, and can be a potential competitor to PEEK and Ultem. Polyphenylsulfone is
mostly researched for membrane material solutions [26], while some studies show that it
can also be processed by injection moulding [13]. The tensile strength of polyphenylsulfone
is around 70 MPa. There have been some reports, indicating that it can be processed by
FDM [27], achieving mechanical properties comparable with Ultem and polycarbonate.
However, there has been no evidence of this material being researched for processing by se-
lective laser sintering. The current paper addresses this research gap through experimental
investigations, leading to the understanding of how polyphenylsulfone powders respond
to consolidation by laser sintering with varying energy inputs. The results indicate the
material to be responding positively to consolidation by the continuously moving laser
energy input, though the time and temperature conditions lead to specific challenges in
controlling the resulting meso-structures and the mechanical properties.
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2. Material and Methods

Polyphenylsulfone (PPSF/PPSU) is an amorphous polymer with a repeating unit
of molecular form (-C6H4-4-SO2C6H4-4-OC6H4-4-C6H4-4-O-)n. The molecular weight is
1600 g mol−1. The powder was specially ordered from Galaxy Chemical Technology Co
Ltd., Shenzhen, Guangdong, China. This material is not available in powder form in the
commercial sales market. Since this was the first time the powder was ordered, Galaxy
Chemical Technology used the cryo-grinding method to mechanically prepare the powder
samples. As a result, the particle morphologies were too complex and also quite varied.
However, the average powder particle size is around 42 microns. The powder samples
were coated with platinum and examined under the Hitachi SU-70 Scanning electron
microscope (SEM) system, and the scanning voltage was set as 15 KV to avoid charging
effects. SEM images of the PPSF powder particles shown in Figure 1 clearly indicate the
irregular forms and variations in sizes. These irregular shapes of the particles caused by
poor cryogenic grinding will hinder the flowability of the powder on the build platform
of the laser sintering test bed. In addition, the varying sizes can cause problems to the
consolidation of layers based on the heat input from a fast-moving laser energy [28–35].

Figure 1. Scanning electron microscope (SEM) images of PPSF powder particles, (a): 100× zoom, (b): 500× zoom.

Differential scanning calorimetry (DSC) is used to measure the heat into or out of
the test polymer powder, generating a thermal profile that can be used for establishing
the sintering window of these powder materials, before undertaking the laser sintering
trials. The DSC system NETZSCH STA 449F5 STA449F5A-0062-M was used to identify the
thermal profile of the PPSF powders and to establish the promising ranges of the critical
process parameters. A mass of 4.9 mg of PPSF powder was heated from 20 ◦C to 400 ◦C
with 10.0 ◦C/min heating gradient during the heating cycle. The DSC curve obtained is
shown in Figure 2. Based on the exothermic reaction up as the convention, the small step
observed at around 220 ◦C was taken as the glass transition temperature. The information
from the DSC graph was used to establish the critical process parameters for the laser
sintering trials.

All the laser sintering trials were performed on a homemade selective laser sinter-
ing test bed available at the Additive Manufacturing Research Centre of the Auckland
university of Technology. The experimental setup constituted of a 60 W CO2 laser with
sufficient control on the pulse rate and the raster scanning on the powder bed. The powder
bed was also tailor-made for semi-automatic dispersal of powders in small quantities for
experimental study of the feasibility of laser sintering single and multi-layer specimens
with varying process conditions. The complete details of the experimental setup may be
obtained from the reference by Velu et al. [28].
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Figure 2. Differential scanning calorimetry (DSC) results based on the PPSF powder.

The theoretical energy density (ED) necessary to sinter a given quantity of the PPSF
powder was calculated based on the procedure used by Berretta et al. [29]. Laser powder
(p), scan speed (v), and laser beam diameter (D) are the process parameters. The powder
bed temperature (Tb) was set at 200 ◦C, which is just below the glass transition temperature
of PPSF. Single-layer samples were made with varying process parameters in order to
evaluate the particle coalescence. Based on the literature, the enthalpy of relaxation (hr)
of PPSF is around 0.73 J g−1 [30], which is very small due to the amorphous nature of the
material. The bulk density (Q) and the packing factor (ϕ) were estimated as 0.350 g cm−3

and 0.8, respectively. The layer thickness (z) is 0.20 mm. To is the onset temperature during
laser sintering. The specific heat capacity, (Cpb) of PPSF varies with temperature and at
the powder bed temperature is around 0.44 cal g−1 ◦C−1. The specific heat capacity at the
onset sintering temperature (Cpo) is assumed based on a linear approximation. Based on
this assumption, Equation (1) can be used to evaluate the theoretical energy required for
sintering. Equation (2) is the theoretical energy density for single layer sintering, which can
be used to derive the expression for the sintering energy density for materials with specific
heat capacity varying as a function of temperature. Based on a linear approximation
within the sintering temperature window, the specific heat capacity can be expressed as in
Equation (4). Combining Equations (1)–(4), the semi-empirical Equation (5) can be derived,
which can be used to calculate the experimental energy density:

Energy required f or sintering = [Cp(To − Tb) + hr]Qϕ (1)

ED = Energy required f or sintering × z (2)

ED =

{∫ To

Tb

[
dCp

dT
(To − Tb) + hr]Qϕ

}
z (3)

Cp =
(T − To)

(
Cpb − Cpo

)
(Tb − To)

+ Cpo (4)

ED =

⎧⎨
⎩hrQϕ + Qϕ

∫ To

Tb

⎡
⎣ (T − To)

(
Cpb − Cpo

)
(Tb − To)

+ Cpo

⎤
⎦dT

⎫⎬
⎭z (5)
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Considering that the polymer particles are irregular, the size of the particle and the
variation of the viscosity with temperature will affect the sintering time, which in turn will
influence the inter-particle coalescence during sintering [31]. According to the Frenkel’s
model, the higher the product of the viscosity and the particle radius, the longer the
sintering time required [31]. The geometrical parameters were measured based on the SEM
images, which indicate the original radius, sintered radius, and distance from the centre to
the sintering plane of two adjacent particles. Additionally, other properties such as surface
tension and viscosity were related to the time (t) of sintering as well, using the information
reported by Sedlacek et al. and Mohan [32,33]. The classical sintering equation proposed
by Frankel is only suitable for a 2D simplification. The modified Frenkel model proposed
by Sun et al. [34] can be used for a 3D situation, which allowed to establish the working
energy density of the current powders as discussed next.

Once the sintering across a single layer was thus established, a series of specimens
were produced with the energy densities varied at 0.046, 0.054, 0.062, 0.07, and 0.078 J/mm2;
the images of the printed samples are presented in Figure 3. Three levels of laser power
settings were used for each energy density—9 W, 13 W, and 20 W—together with the
corresponding scan speeds, as stated in Figure 3. A total of 45 single layer samples
were produced considering three single layer sample replicas for each process parameter
combination. The photographs of the best of the three printed samples with each process
parameter combination are shown in Figure 3. These samples are subsequently examined
using SEM and the images obtained are presented in Figure 4. Single layer or the first
layer is sintered on a solid substrate and not on loose powder. The solid substrate is often
made with one material or a material with similar characteristics. Hence, there is relatively
lesser variation from single to multi-layers. However, thermal stability issues arise in
multi-layer samples as the heat from the substrate cannot easily cross the multi-layers. The
external heat source in the form of a heating lamp will compensate and keep the conditions
almost similar.

Porosity of the printed samples was established based on the analysis of the SEM
images of the single layer sintered samples using the ImageJ software, which is done by the
same authors in another study [35]. Three SEM images were taken using samples selected
from the single layer samples printed with each of the process parameter combinations.
All the images are then used to process by the ImageJ software to analyse the porosity
levels. The total specimen areas and number and average sizes of the lack of fusion areas,
established from the images processed by ImageJ software, were used to calculate the
percent porosity levels. Samples for tensile testing were printed as per the standard ASTM
D638. All the tensile tests were performed using the Tinius Olsen H50KS. A S-Beam load
cell was used for the test, loading at the rate one millimetre per minute. Each tensile
test specimen was printed processing five layers of the PPSF powder, with the process
conditions, as discussed in the results section.
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Figure 3. Single layer samples of PPSF produced by SLS; the energy density of 0.046 J/mm2, 0.054 J/mm2, 0.062 J/mm2,
0.070 J/mm2, and 0.078 J/mm2 correspond with group (a–e), respectively. Laser power of 9 W, 13 W, and 20 W are used for
the first, second, and third sample in the group, respectively, with varied scanning speed. All samples are of 30 × 100 mm size.
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Figure 4. SEM images of single layer samples of PPSF produced by SLS. The energy density of 0.046 J/mm2, 0.054 J/mm2,
0.062 J/mm2, 0.070 J/mm2, and 0.078 J/mm2 correspond with group (a–e), respectively. Laser power of 9 W, 13 W, and
20 W are used for the first, second, and third sample in the group, respectively, with varied scanning speed.

3. Results and Discussions

From the calculations based on the theoretical modelling explained in the previous
section, it was established that the sintering rate reaches 2.277 × 10−4 μm/s, when the onset
temperature to be 360 ◦C. This is theoretically sufficient to achieve sufficient consolidation
through selective laser sintering. Based on this number, the theoretical energy density
necessary to achieve sufficient consolidation was established to be 0.022 J/mm2 using
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Equation (5). It is common for the theoretical energy density to be lower than the actual
energy density required. Starting with this as the first step, the actual energy density
necessary was established based on trial-and-error methods. After a few iterations, the first
successful single layer specimen with significant inter-particle coalescence was achieved
with an energy density of 0.046 J/mm2, which is twice that of the theoretically estimated
energy density. While there are differences in the real thermal conditions and the theoretical
estimates, there is also the problem of heat loss from the powder bed, which is not strictly
considered in the theoretical calculations

The images of the single layer samples presented in Figure 3 indicate very smooth
surface textures and continuous formation of the layers based on powder consolidation
achieved by the moving laser beam. There is a physical variation in the form of gradually
changing colour from the first set to the last. Evidently, as the energy density increases, the
polymer composite is gradually degraded and gets darker possibly due to decomposition
and charring. However, a physical examination also revealed that the strength of the
sintered samples increases with increasing energy densities, as the excess energy was
able to consolidate the particles better. The samples became brittle and charred when the
energy density is increased to 0.070 J/mm2. Based on a compromise between the physically
observed strength and consolidation against the degradation, the best energy density for
this polymer composite was estimated to be at around 0.062 J/mm2.

According to a study by Ramgobin et al. under thermo-oxidative atmosphere, the
onset of the degradation temperature of PPSF is around 500 ◦C. With enough activation
energy, a two-step decomposition will be activated, first the cleavage of phenyl–sulfone
(Ph–SO2) linkages, and then the cleavage of Phenyl–Oxygen or Phenyl–Phenyl bonds.
Through thermogravimetric analysis, it was shown that the residual mass of PPSF at 538 ◦C
was at 95 wt% and as low as 40 wt% at 800 ◦C. This indicates that the loss of material
with PPSF is insignificant during thermal degradation. However, charring is probably
due to the residual elements of the products of pyrolysis of PPSF [36]. It was also stated
that, when PPSU was heated under nitrogen, the degradation temperature is at 600 ◦C.
It may be inferred that a N2 atmosphere in the build chamber would allow to avoid the
decomposition and charring of the PPSF powders during selective laser sintering. Arnold
et al. suggested that photothermal degradation of polymers caused by laser light may lead
to ablation and loss of materials [37]. The ablation responses were correlated to the laser
velocity and pulse rates. In the present case, the discolouration of the sintered samples
could be due to the higher scan speeds used with the higher laser power settings.

Evidence of discolouration and curling of the specimens may also be noted based on
the images of the sintered specimens shown in Figure 3. The discolouration of the edges
could be due to the excessive heating that takes place at the end of each raster scan line.
The can strategy is zig-zag lines across the width of the specimens. This means the laser
will instantaneously stop at the end of each raster path, while the energy is flowing into the
specimen at the same rate. This will lead to flow of excessive energy and the consequent
discolouration on the longer edges of the specimens, as observed. Evidently there is no
such discolouration on the top and the bottom edges of the samples, which is because of
the fact that the laser scan lines are oriented parallel to these edges.

The images of the sintered specimens in Figure 3 also show indications of curling of
the specimens over the edges. Apparently, the curling phenomenon is more prominent
in the cases of the specimens produced at higher power and higher scan velocity settings
within the ranges of each energy density, though to a lesser extent in the lower energy
density cases. Curling takes place firstly due to lack of sticking of the sintered layer to
the base plate. This can be easily fixed by suitably preparing the surface conditions. The
uneven heat dispersion in the sintered layer also could cause the curling problem. The
central areas are relatively at higher temperature compared to the edges, which may lead
to contraction at the edge and consequent curling of the specimens. It is also possible that
the excessive heating due to the instantaneous stopping and reversal of the laser beam at
the end of each of the scan strokes could lead to embrittlement and loss of elastic nature
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at the edges, which can cause the curling effects. All these aspects can be controlled by
adjusting the process conditions. The surfaces can be better prepared to promote more
stronger sticking and the laser energy input can be adjusted to reduce to the necessary
extent, as the beam gets closer to the ends of the raster scan lines.

Scanning electron microscopy images taken based on the single layer sintered samples
shown in Figure 3 are presented in the same order in Figure 4. The energy density levels
increase moving down the rows of images presented. Marked differences may be observed
in the inter particle and intra-layer coalescence as the energy density is increased. Both inter-
particle and intra layer consolidation is scarce in samples sintered with the lowest energy
density 0.046 J/mm2, as evident from the images of Figure 4(a1–a3). The inter particle
coalescence improved significantly showing considerable evidence of the formation of the
consolidated polymer strands along the laser scan lines at the energy density 0.054 J/mm2,
as may be seen in Figure 4(b1–b3). However, the inter-strand coalescence is still limited,
and the layer formation is significantly restricted in terms of the resulting meso-structures,
indicating a lack of energy to achieve sufficient powder consolidation. Both inter-particle
and inter-strand coalescence improved with still higher energy densities above 0.062 J/mm2.
Considering the overall dispersion of the consolidated materials and lack of fusion cavities,
the energy density at 0.062 J/mm2 appears to be the optimum setting for effective laser
sintering of this powder polymer.

Significant improvements in consolidation may also be visualised moving from the
left image to the right, along any row of Figure 4. Though the energy density is the same for
all the samples in a given row, the process parameter combination changes from low power
and low velocity to high power and high velocity from the left to the right. Evidently,
the powder consolidates better with a high power and high velocity setting for any given
energy density level. This is often the case with many polymers as the power and velocity
settings interact even at the same energy density levels. The high power and high velocity
setting are preferred if the viscosity and thermal conductivity properties are lower. The
higher power allows to heat the strands more. The lower viscosity leads to increased
plasticisation and running of the plasticised strand, but the high velocity of scanning brings
the laser back quickly along the next strand, allowing the softened adjacent polymer strands
to fuse better. With polymers having lower thermal conductivities, the higher scan velocity
helps to quickly move around and revisit the common points along adjacent strands
and keep the thermal conditions elevated to the necessary levels promoting inter-strand
coalescence [28,35].

Based on these observations, the best layer consolidation corresponds to Figure 4(c3,d3).
In both cases, the laser power is the highest of the range used, at 20 W, with the laser
scan velocity also at the highest levels corresponding to the energy density values used,
0.062 J/mm2 and 0.070 J/mm2, respectively. However, as the energy density goes beyond
0.062 J/mm2, the samples began to discolour significantly at the higher power setting
20 W. Considering both consolidation and deterioration responses, the energy density
level at 0.062 J/mm2 with the higher power and velocity settings again appears to be the
best possible process parameter conditions for the laser sintering of polyphenysulfone
polymer powders.

The results of the porosity analysis are presented as the bar charts with the percent
porosity levels plotted against the laser power for each energy density, as depicted in
Figure 5. It may be consistently observed that the porosity level decreases with increasing
laser power, at any given laser energy density level. This is consistent with the observations
made based on the examinations of the physical samples and SEM images, as discussed
earlier. The lowest porosity level is based on the sample produced with laser power 20 W
and energy density 0.062 J/mm2, which is in complete agreement with the inferences
drawn from the other observations. It may also be noted that the porosity levels increase
as the energy density level is increased to 0.070 J/mm2. There may be excessive heating
happening when the energy density used is beyond the threshold value suitable for the
polymer material investigated. The slightly reduced porosity levels at 0.078 J/mm2 could
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be misleading as the sintered layer appears to be overheated, decomposed, and charred and
possibly blocking the meso-structural details. The porosity results corresponding to the
energy density and laser power setting combinations 0.062 J/mm2 and 13 W, 0.062 J/mm2

and 20 W, and 0.078 J/mm2 and 20 W are considered to be the most optimum in terms
of achieving the least porosity or the best sintered layer corresponding to the shortest bar
heights in Figure 5.

Figure 5. Porosity levels results of each processing parameter.

Tensile test specimens were produced with the three process parameter combinations
identified as the optimum settings from the porosity analysis. The process parameter
settings and the tensile testing responses are listed in Table 1. Each tensile test specimen
is printed as per the ASTM standards mentioned using five layers sintered one upon the
other. The images of the printed test specimens are presented in Figure 6. Consistent
dimensional and structural qualities could be observed in all the multi-layer tensile test
specimens printed. There is some evidence of discolouration as may be noted with the high
energy density and high-power samples in Figure 6(C1–C3). From a physical point of view,
the specimens produced with 0.062 J/mm2 and 20 W corresponding to Figure 6(B1–B3)
are the best possible outcomes based on selective laser sintering of the current polymer
powders.

Table 1. Process conditions and tensile strength results of the multi-layered samples.

Power (W) Speed (mm/s)
Energy Density

(J/mm2)
UTS (MPa)

A1
13 386.9 0.062

2.280
A2 1.666
A3 2.810
B1

20 595.0 0.062
6.561

B2 8.049
B3 7.102
C1

20 474.8 0.78
7.702

C2 8.994
C3 9.259
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Figure 6. Multi-layered tensile test specimens of PPSF with three sets of laser power, scan speed and energy density
combinations, which referring to Table 1.

Comparing the tensile test results presented in Table 1, the first batch corresponding to
the A-series scored the least in terms of the ultimate tensile strength, averaging at around
2.252 MPa. Both the B- and C- series samples are far better, averaging at 7.237 MPa and
8.652 MPa, respectively. This drastic loss of strength at the lower power setting 13 W is
clearly indicative of the significant role of laser power in controlling the consolidation rates
in the sintered polymer layers. The minimum threshold power is 20 W for the scan velocity
ranges used in the current experimental work with laser sintering of polyphenylsulfone
powders. The C-series produced at the highest energy density exhibit better ultimate
tensile strengths than the C-series. However, there is discolouration and deterioration
of the polymer, as evident from the images of the physical samples in Figure 6(C1–C3).
Considering both ultimate tensile strength and the polymer degradation aspects, the B-
series, corresponding to laser energy density 0.062 J/mm2 and power 20 W appear to be
the best specimens produced within the range of factors used in the current experimental
investigation. This is also in accordance with the observations made from the physical
examination and SEM images and porosity analysis of the single layer samples. The
experimental results show a clear trend and relationship between single layer porosity and
multilayer properties. Thus, the single layer porosity can be correlated to the multilayer
porosity and strength. The reported mechanical strength of PPSF via using fused deposition
modelled techniques can achieve roughly 55 MPa [16]. However, the ultimate tensile
strength results obtained from the laser sintered samples are much lower compared to
the fused deposition modelled counter parts, as reported by Afrose et al. [38]. It may
be pertinent to point out that the current results are only based on initial investigations
targeted at evaluating the suitability of the polymer for processing by selective laser
sintering. Form that viewpoint, the consolidation mechanisms observed clearly prove
that polyphenylsulfone powders can be successfully processed by selective laser sintering.
Further improvements in tensile properties can be achieved by a more scientific design
of experiments considering all the critical process parameters. A careful consideration
should be given to achieve uniform powder particle sizes and also closely controlling the
atmosphere and temperature conditions inside the build chamber. A careful examination
of the fractured surfaces of the tensile specimens clearly indicated brittle fracture modes.
The results are satisfactory in terms of proving the PPSF powders for consolidation by laser
sintering. However, the SLS test bed used is a make-shift laboratory experimental system.
The mechanical properties will be much improved if a commercial system is used at later
stages, where commercial applications are targeted.
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4. Conclusions

Polyphenylsulfone powders are investigated for processing by selective laser sinter-
ing, based on experimental investigations with varying laser process parameter settings.
Overall, the polymer powders responded well for the laser sintering process. Single and
multilayer sintered samples were evaluated based on physical, meso-structural, poros-
ity, and mechanical property examinations. Upon careful consideration of the results,
the energy density level 0.062 J/mm2, achieved with laser power 20 W and scan speed
595.0 mm/s settings, were identified to be the most optimum process conditions. The
best average ultimate tensile strength achieved in the multi-layer sintered samples was at
around 8.652 MPa.

• Application of the Frenkel theory of sintering in a modified form resulted in an
optimum ED of 0.062 J/mm2 for laser sintering PPSF powders.

• Experimental observations allowed to establish the best process conditions for single-
layer sintering as ED 0.062 J/mm2, obtained with laser power 20 W and scan speed
595.0 mm/s.

• The consolidation mechanics varied with both geometry and the number of lay-
ers printed and for multilayer printing, the optimum conditions slightly shifted to
0.078 J/mm2, obtained with a laser power of 20 W and a scan speed of 474.8 mm/s.

• The maximum tensile strength of the laser sintered PPSF is 9.259 MPa, obtained with
an ED of 0.078 J/mm2.
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Abstract: 3D printing is an emerging and disruptive technology, supporting the field of medicine
over the past decades. In the recent years, the use of additive manufacturing (AM) has had a strong
impact on everyday dental applications. Despite remarkable previous results from interdisciplinary
research teams, there is no evidence or recommendation about the proper fabrication of handheld
medical devices using desktop 3D printers. The aim of this study was to critically examine and
compare the mechanical behavior of materials printed with FFF (fused filament fabrication) and CFR
(continuous fiber reinforcement) additive manufacturing technologies, and to create and evaluate a
massive and practically usable right upper molar forceps. Flexural and torsion fatigue tests, as well
as Shore D measurements, were performed. The tensile strength was also measured in the case of the
composite material. The flexural tests revealed the measured force values to have a linear correlation
with the bending between the 10 mm (17.06 N at 5000th cycle) and 30 mm (37.99 N at 5000th cycle)
deflection range. The findings were supported by scanning electron microscopy (SEM) images. Based
on the results of the mechanical and structural tests, a dental forceps was designed, 3D printed
using CFR technology, and validated by five dentists using a Likert scale. In addition, the vertical
force of extraction was measured using a unique molar tooth model, where the reference test was
carried out using a standard metal right upper molar forceps. Surprisingly, the tests revealed there
to be no significant differences between the standard (84.80 N ± 16.96 N) and 3D-printed devices
(70.30 N ± 4.41 N) in terms of extraction force in the tested range. The results also highlighted that
desktop CFR technology is potentially suitable for the production of handheld medical devices that
have to withstand high forces and perform load-bearing functions.

Keywords: 3D printing; additive manufacturing; dental forceps; CFR (continuous fiber reinforce-
ment); fatigue test; mechanical testing; composite; carbon; scanning electron microscopy

1. Introduction

In recent years, additive manufacturing (AM) technology has become an undoubtedly
decisive tool in the healthcare industry. It is widely used in model creation and visualiza-
tion [1], simulator development [2], preoperative planning [3], prototyping, and the small-
series production of medical devices such as implants [4], prosthetics and orthotics [5,6],
and laboratory equipment, and can also support tissue engineering processes [7]. Fur-
thermore, it can strongly enhance and support patient–doctor communication, and serve
patient education purposes as well [8].
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3D printers are used on a daily basis in dental care. Several dentistry-related appli-
cations are well described and deeply studied, since the technology provides a relatively
cost-effective, fast, easy-to-use, and customizable solution for healthcare professionals.
Metal dental implants, screws, and abutments can be produced using DMLS (direct metal
laser sintering) technology, mainly from metal alloys such as Co-Cr alloy steel or tita-
nium [9,10]. PolyJet™ and FFF (fused filament fabrication) technologies are mainly used
for creating replica teeth, skulls, and mandibular or maxillary models in order to perform
preoperative planning [11]. The most commonly used devices are desktop SLA (stere-
olithography) 3D printers, and their applications include model fabrication, surgical guide
or mold printing, and complex prototyping processes [9,10]. Additive manufacturing
is also essential in orthodontics, restorative dentistry, and endodontics [12]. Despite the
fact that dental applications are strongly rely on handheld devices, only a few previous
studies are available concerning the use of 3D printing in instrument development and
production. Recently, surgical devices printed for long-duration space missions have been
reported using FFF technology and ABS (acrylonitrile butadiene styrene) material [13–15],
but dentistry-related applications have not yet been reported. This lack of studies poten-
tially indicates that desktop FFF 3D printing technology has serious disadvantages in terms
of mechanical and structural stability, due to the anisotropic material characteristics of the
end-products, which mainly occur through the use of PLA (polylactic acid) and ABS.

CFR (continuous fiber reinforcement) additive manufacturing has outstanding me-
chanical properties compared to FFF. The addition of carbon fibers can increase both tensile
strength and the modulus of elasticity [16]. It has been observed that parts and models
created using carbon-reinforced polyamide can be created with high precision, and are
comparable with molded or even metal parts; however, further investigations are essential
in order to better understand their structural characteristics, and to avoid weak interlayer
connections [17,18].

The aim of this study was to explore the possibilities CFR AM technology can provide
in the field of handheld medical device development and production. The mechanical
characterization focused on fatigue testing, in order to determine the usability in load-
bearing applications. Structural analysis was performed to explore the mechanisms behind
the observed results. The results were compared with neat PLA models printed with an
FFF 3D printer. Moreover, the goal was to design, fabricate, and test a functional handheld
device—in this case, a first upper molar dental extractor, since this medical instrument must
be characterized with excellent mechanical properties and the proper level of durability, in
order to withstand outstandingly high forces.

2. Materials and Methods

2.1. 3D Printing Parameters and Fabrication of Test Specimens

In order to fabricate the PLA control test specimens, a Craftbot Plus 3 (Craftbot Ltd.,
Salgótarjáni rd. 12–14, Budapest, Hungary) 3D printer was used, with a 0.4-mm nozzle,
0.2-mm layer height, and 100% infill density. A 245 ◦C primary extruder temperature and
110 ◦C heated-bed temperature provided the necessary amount of heat for fabrication.
Neat PLA was utilized, (Herz Hungária Kft., Pesti rd. 284, Üllő, Hungary), with a filament
diameter of 1.75 mm and a white color. The specimens were sliced using CraftWare™
software (Craftbot Ltd., Salgótarjáni rd. 12–14, Budapest, Hungary).

To produce the composite-based test specimens and the dental extractor, a Markforged
X7 continuous fiber reinforcement (CFR)) 3D printer (Markforged, 480 Pleasant St, Wa-
tertown, MA, USA) was applied using Onyx carbon fiber composite (Markforged Co.).
The specimens were sliced on the www.eiger.io, accessed on 30 July 2021 (Markforged 480
Pleasant, St Watertown, MA, USA) webpage. Onyx—which is polyamide filled with micro
carbon fiber with isotropic direction properties—served as a base material. The printing
was conducted in accordance with the manufacturing settings with maximum carbon fiber
filling. The layer height was 0.125 mm and had a triangular fill pattern. The infill density
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of the fibers was 37%, and the number of wall layers was set to 2. The sample specimen
printing orientation was “X” in case of both FFF and CFR printing.

To create the custom tooth model for testing the forceps, a Prusa I3 MK3 (Prusa
Research a.s., Partyzánská 188/7a, Praha 7, Czech Republic) desktop FFF 3D printer was
used with polyethylene terephthalate glycol (PETG) (Devil Design Sp. J. Zwirki I Wigury,
Poland). The diameter of the filament was 1.75 mm. The layer height was 0.1 mm with
50% infill density, and in accordance with the melting temperature of PETG, the extruder
was set to 230 ◦C and the bed heating was 80 ◦C. The slicer program was the default
PrusaSlicer 2.3.

2.2. Material Testing

2.2.1. Flexural Fatigue Test

In case of the PLA and the carbon composite test specimens, firstly, flexural fatigue
tests were carried out using a ZwickRoell e/m actuator material tester (ZwickRoell, 89079,
August-Nagel-Straße 11, Ulm, Germany) with a 5-kN load cell. The type of specimen
was A1 from the ISO 527–2:2012 standard. To perform the tests, a special gripper was
designed that aimed to correct the increment in the cross-section due to deflection (Figure 1,
Supplementary Materials). For the other end of the gripper of the test bar, a holder was
fabricated and secured in horizontal position throughout the entire test procedure. Using
the test specimens, a pulsating pressure test was performed, where the starting force was
0 N. The deflection was 10 mm, 15 mm, 20 mm, 25 mm, 30 mm, 35 mm, 40 mm, 45 mm,
and 50 mm, respectively, and it was performed until fracture, with all specimens being
measured once. The testing frequency was 2 Hz, and the move was sinusoidal. In the case of
the Onyx–carbon composite the tests were carried out until 20,000 cycles, and the PLA was
tested until fracture in all cases. The permanent deformation was also measured. Deflection
was determined with a Mitutoyo CD-15APX digimatic caliper (Mitutoyo, Sakado, Takatsu-
ku, Kawasaki, Kanagawa, Japan), and the cross-section change was measured with a
Mitutoyo 102–707 micrometer. The measurement was carried out on all fatigue specimens.

Figure 1. (a) The models used in the setup of the flexural fatigue test measurement. (A) Special
gripper; (A1) fixed roller; (A2) moving roller; (A3) spring; (A4) adjusting screw; (B) moving direction;
(C) specimen; (D) screw grip; (E) support frame. (b) The assembled device for the flexural fatigue test
measurement.

2.2.2. Torsion Fatigue Test

The torsion fatigue tests were performed with a ZwickRoell Z5.0 biaxial material tester
(ZwickRoell, 89079, August-Nagel-Straße 11, Ulm, Germany). The diameter of the probe
was 6 mm, the parallel length was 50 mm, and the ends of the specimen were modified in
order to fit to the biaxial clamping [19] (Figure 2). The axial preload was set to 0.1 N at the
start of the test, and then the axial position was fixed. Torsion preload was not applied;
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the testing speed was 720◦/min, and the testing frequency was 2 Hz. The specimens
went under sinusoidal rotation, and were tested every 10◦, between 20◦ and 90◦, for up
to 20,000 cycles in the case of the composite, or until the specimens broke in the case of
PLA specimens. All specimens were measured once. During the tests, the specimens’
temperatures were monitored with a Guide B160V infrared camera (Wuhan Guide Infrared
Co., Ltd., No. 6, Huanglongshan South Road, East Lake Development Zone, Wuhan, China)
to avoid overheating.

Figure 2. Schematic of torsion fatigue test specimens.

2.2.3. Shore D Measurements

Shore D measurements were performed on both materials, using a ZwickRoell 3131
Shore D testing device (ZwickRoell, 89079, August-Nagel-Straße 11, Ulm, Germany) with
the MSZ EN ISO 868:2003 (A, D) standard. The thickness of the test specimens was 4 mm,
the room temperature was 25.0 ◦C, and the relative humidity was 47%. Both the PLA and
composite test specimens were measured 5 times.

2.2.4. Tensile Test

In order to investigate the effect of fatigue tests on the flexural and torsional carbon
composite test specimens, tensile tests were carried out using a ZwickRoell Z100THW
universal material tester (ZwickRoell, 89079, August-Nagel-Straße 11, Ulm, Germany) with
a 10-kN load cell. The preload was 0.1 MPa and the test speed was 50 mm/min, according
to the ISO 527 standard.

2.2.5. Scanning Electron Microscopy (SEM)

To better understand the mechanical behavior of the composite material, SEM imaging
was carried out with 30× and 350× magnification using a JEOL JSM-IT500HR device (3-1-2
Musashino, Akishima, Tokyo, Japan). PLA specimens were not investigated, since previous
international studies have described them in detail [20]. The first group of the SEM samples
was taken from the specimens with 50-mm bending distance after 20,000 cycles of flexural
fatigue testing, while the other group was produced from test specimens that broke in one
testing phase. The outer layers of the objects were notched before fracture, in order to
prevent further damage to their structure. Before imaging, the composite samples were
coated with gold using a JEOL JFC-1300 auto fine coater.

2.2.6. Upper Right First Molar Forceps Scanning, Design, and Printing

To test the CFR technology with the carbon-reinforced polyamide material, a handheld
dental extractor was used as a model. The reverse engineering of an upper right first molar
forceps was performed suing an Artec Space Spider industrial handheld scanner (Artec, 20
rue des Peupliers, L-2328, Luxembourg, Luxembourg). After disassembling the forceps, the
object went through a surface treatment to make the glittering surfaces completely visible
during the scanning. This was achieved with a Centrochem (Centrotool Kft., 1102 Budapest,
Halom u. 1. Hungary) cracking examination aerosol agent. The digitization of the treated
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components was finished separately. From the scanning results, the point-cloud processing
and mesh generation were carried out in Artec Studio 15 (Artec, 20 rue des Peupliers,
L-2328, Luxembourg, Luxembourg). Repair of minor errors in the generated model and the
export of the 3D-printable files were done using Blender 3D modeling software (Blender
Institute B.V. Buikslotermeerplein 161, ET Amsterdam, The Netherlands).

Due to the applied CFR printing technology, replicated objects will have some flex-
ibility. In order to enable the forceps to exert appropriate strength and improve their
usability, minor modifications were made to the geometric structure. An additional 3 mm
of thickness was added to the area of the fulcrum in order to make it more resistant to
load stress. The jaws are in contact at the closed state; in this way, sufficient force can be
applied to carry out the extraction. Additionally, a spacer pair was placed on the inside of
the forceps handles to keep the user’s finger safe when closing the instrument (Figure 3).

Figure 3. The mains steps of reverse engineering and 3D design of the forceps: (a) the original metal
dental extractor; (b) the modified model in .stl format; (c) the sliced model ready for printing.

2.2.7. Clamp Test with Biaxial Tester and Likert Scale

A real-size (1:1) tooth model was designed using Autodesk Fusion 360 software
(111 McInnis Parkway, San Rafael, CA, USA) merged to a Zwick Z5.0 biaxial-compatible
platform and printed from PETG using a Prusa I3 3D printer, (Figure 4). Five dentists with
2–20 years of experience individually tested the metal and the unique composite forceps
using the 3D-printed tooth model that was applied to the testing machine (Supplementary
Materials). During the test, the dentists moved their hand holding the extractor, just as
they would in case of removing a real tooth, and the device measured the values of the
axial force and the torque. They anonymously evaluated and compared the instruments
using a Likert scale (Table A1 in Appendix A).

193



Polymers 2021, 13, 2647

Figure 4. (a) The tooth model in .stl format; (b) the printed tooth model applied to the biaxial tester.

2.2.8. Statistics and Analysis

To the measured data of the flexural and torsion tests, an upper envelope curve was
fitted. The results of extraction tests were compared via two-sample t-test (p < 0.05). The
statistical analysis, and curve fitting were carried out using Origin 2018 software (OriginLab
Corporation, One Roundhouse Plaza, Northampton, MA, USA). The curves in case of the
fatigue tests of PLA were fitted using the following function:

y = y0 + A1e
− x

t1 + A2e
− x

t2

where y0, A1, A2, t1, and t2 are constant values, and x represents the number of cycles.

3. Results

3.1. Material Testing

3.1.1. Flexural Fatigue Test

Flexural fatigue tests were performed on both materials, in order to determine their
resistance against forces that occur when the medical instrument is under tilting, bending,
or flexing loads. For the PLA material, the fatigue curve corresponded to previous studies,
where the characterization was carried out in detail, including the effects of different layer
heights, printing speeds, and infill densities and patterns. Rotation and bending tests were
also performed [20,21]. The specimen did not break during the fatigue flexural test, since it
was sufficiently flexible; therefore, its flexural strength was not measured. Surprisingly, the
test specimen broke only after 125,000 cycles with 15-mm deflection. (Figure 5).

The Onyx composite material showed nearly constant force values between 10-mm
and 30-mm deflection, with a continuous, slight decrease, measured up to 20,000 cycles.
Further analysis highlights that the correlation between the bending and the measured
force values was linear between 10 mm and 40 mm, but after 5000 cycles, the linearity was
only observable between 10 mm and 30 mm deflection rates. At 10-mm flexion, 15.37 N
was measured at the first cycle and 17.06 N at the 5000th cycle, while in the case of 30-mm
deflection, 34.22 N was measured at the first cycle and 37.99 N after 5000 cycles (Figure 6).
When the measurement was carried out until fracture within one test phase, the flexural
strength was measured as 51.16 N and the deflection was 50.56 mm.
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Figure 5. Results of the flexural fatigue test for PLA. The figure indicates the force values measured
at the fracture point of each test specimen. The black squares indicate the force values (N) measured
at each deflection rate (mm), with the number of cycles needed to break the test specimens.

Figure 6. Results of the flexural fatigue test of the composite material. Force values measured at
each deflection rate. The colored lines indicate the change in the force values (N), measured up to
200,000 cycles.

After performing the fatigue tests, it was observed that in the test specimens with
35-mm or higher deflection, a protrusion occurred at the point of flexion, along with a
phenomenon of permanent deflection, where the highest value was 12.78 mm in the case
of 45-mm deflection. The measured parameters are presented in Table 1.
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Table 1. The table indicates the location of protrusion points compared to the middle of the test
specimens (difference in mm), with the values of permanent deflection.

Bending (mm)
Thickness at
Middle Point

(mm)

Thickness at
Flexural Point

(mm)

Difference
(mm)

Permanent
Deflection (mm)

10 4.182 4.163 −0.019 0
15 4.174 4.18 0.006 0
20 4.154 4.093 −0.061 0
25 4.152 4.133 −0.019 0
30 4.073 4.046 −0.027 0
35 4.16 4.392 0.232 8.16
40 4.153 4.474 0.321 9.20
45 4.121 4.537 0.416 12.78
50 4.059 4.397 0.338 10.78

3.1.2. Torsion Fatigue Test

The torsion fatigue test can reveal the resistance against forces occurring when the
healthcare specialists perform twisting, screwing, or scrolling movements with the hand-
held device. In case of the PLA test specimens, it was observed that under 35◦ torsion,
fracture occurred within 800 cycles, but at 30◦ it withstood more than 5500 cycles. At 25◦

torsion, fracture took place at 11,700 cycles (Figure 7).

Figure 7. Results of torsion fatigue testing of PLA. Fracture points of test specimens with different
rotation values. The black squares indicate the angle (◦) and the number of cycles within which the
fracture took place.

The composite material at the torsion fatigue test showed similar results to bend-
ing; therefore, a classical fatigue pattern was not detected. For the test specimens after
200–300 cycles, the value of torque required to rotate the test bar was set to an approxi-
mately constant value, with a minimal decrease (Figure 8). After the test had been per-
formed for 20,000 cycles, the test specimen’s torsional flexibility was observed, which was
proportional to the maximum angle of rotation. Despite this phenomenon, the mechanical
resistance of the specimens in the radial and axial directions was unchanged. In the torsion
test specimens, the permanent deformations began after 40◦ rotation.

3.1.3. Shore D Hardness Measurements

Interestingly, the Shore D measurements did not reveal significant differences (p < 0.05)
between the PLA and the composite material. The average in the case of PLA was
79.08 ± 0.60, while it was 74.54 ± 0.59 in the case of the composite material.
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Figure 8. Results of torsion fatigue testing of the composite material. The colored curves show the
decrease in Torque (Nm) measured at different rotation values.

3.1.4. Tensile Test

Tensile tests were performed on the composite test specimens after flexion and tor-
sion fatigue experiments. In accordance with the previous measurements, a significant
difference was observed drawn from the results of the flexural test (two-sample t-test,
p < 0.05). The average value of tensile strength was 258.30 MPa ± 10.79 MPa, and the
fracture had a V shape at the rounding (Figure 9). Above 35-mm deflection, the average
was 71.00 MPa ± 19.92 MPa, the fractures had a straight pattern, and the fracture locations
were observed at the protrusion points (Figure 9). Moreover, the tensile test was carried out
on the test specimens used in the torsion fatigue test. The results indicate that there is no
major alternation between these values; the average tensile strength was 118 MPa ± 2 MPa,
and the fracture had a V shape at the rounding, just like the flexural specimens (Figure 9).

Figure 9. (a) Composite test specimens used in flexural fatigue testing, after performing the tensile
strength test. The white circles indicate a “V”-like fracture pattern in the case of test specimens
under 30-mm deflection; the white dotted frame represents the straight fracture line above a 30-mm
deflection rate. (b) Composite test specimens used in torsion fatigue testing, after performing the
tensile strength test. The white circles indicate the “V”-like fracture pattern.
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3.2. Results of Scanning Electron Microscopy Imaging

Figure 10 was captured from a flexural test specimen’s extension zone, which refers
to the horizontally upper side of the test specimen, aligned in “X” orientation. Figure 10a
shows the fractured cross-section after breaking the test bar in one cycle, while Figure 10b
presents the fractured cross-section after 20,000 cycles. The magnification was 30×. In
the case of Figure 10a, the carbon fibers are of equal length on the fracture surface, but
Figure 10b clearly demonstrates that the fibers are longer and have different lengths,
varying between 500 and 2000 μm. Additionally, in this image, cracks and hollows can
be observed.

Figure 10. (a) Image demonstrating carbon fibers of nearly identical lengths (white circles); the layers
are intact. (b) Image taken from the specimens used in the flexural fatigue test; the broken surface
has cracks and hollows on it (white arrows), and the carbon fibers are elongated. The magnification
was 30× in both cases.

Figure 11 was taken from a flexural test specimen’s compression zone. This area refers
to the horizontally lower half of the test specimen, aligned in “X” orientation. Interestingly,
Figure 11a shows orientated and intact carbon fibers of the equal lengths across the entire
broken surface of the test specimen broken in one testing phase; meanwhile, Figure 11b
presents smaller, fragmented carbon fibers after 20,000 cycles. It is notable that the carbon
fiber strings do not have the same orientation—they are facing towards random directions.
Both images were captured with 350× magnification.

Figure 11. (a) Image showing the carbon fibers in the test specimen broken in one step; the fibers
have the same length and orientation (white circle). (b) Image taken from the broken surface of the
specimen after 20,000 flexural cycles. In this case, the carbon fibers have random orientation, and
they are fragmented into small pieces (white arrows). The magnification was 350× in both cases.
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3.3. Evaluation of 3D-Printed Molar Extruder

Testing was performed by professional dentists, with up to 20 years of clinical ex-
perience since their graduation. As a first step, the specialists performed the tests using
a traditional metal forceps. They simulated the force of extraction on the model tooth
mounted on the biaxial tester, mimicking a conventional extraction process, and after that,
they also pulled the 3D-printed tooth with higher force, simulating a tougher and harder
process. The measured data served as controls for the evaluation of the 3D-printed medical
instrument. Following the trials with the metal extractor, the composite forceps was tested,
and the dentists were asked to apply the highest possible extraction force. The results are
summarized in Table 2.

Table 2. Summary of the results of the simulation of tooth extraction.

Metal Forceps
3D-Printed Composite

Forceps

Dentist
Force of Normal

Extraction of
Tooth (N)

Force of Strong
Extraction of

Tooth, (N)

Force Performed with
Composite Forceps (N)

Dentist 1. 50 80 69.0
Dentist 2. 46 84 71.5
Dentist 3. 79 95 72.8
Dentist 4. 41 60 74.8
Dentist 5. 73 105 63.4

Average (N) 57.80 84.80 70.30
SD (N) 17.05 16.96 4.41

Two-sample t-tests were performed to compare the values of the forces measured
with the metal forceps and the values of forces measured with the 3D-printed composite
forceps. In the case of the simulation of normal extraction, p = 0.15, while p = 0.10 when
strong extraction was mimicked; therefore, there was no significant difference between
the compared groups. The average force performed with the 3D-printed device was
70.30 ± 4.41 N. Surprisingly, the standard deviation was the smallest within this group.
After the test, all of the dentists filled out a Likert scale. Each question was answered
on a scale of 1–5, where 1 signifies “strongly disagree” or “least amount”, and 5 signifies
“strongly agree” or “at the highest possible amount”. Two questions could be answered by
“yes” or “no”. Furthermore, the respondents had the possibility to offer amendments and
suggestions for further improvements. Overall, all specialists gave answers of 3 or 4 for
the question “How firmly could you place the forceps on the model?”, as well as to the question
“How could you compare the similarity of the axial extraction force you used to what is necessary
in a clinical environment?”. An average of 4.4 points was given to the question that asked
about the convenience of using the 3D-printed device. Only two dentists out of five would
use the device in its present form for actual treatment, but with some minor modifications,
all of them would use it in patient care. The detailed questions and the given answers can
be found in Table A1.

4. Discussion

3D printing technologies are reshaping our everyday lives, including the healthcare
sector. Numerous international studies have discussed in detail how additive manufactur-
ing can support prevention, diagnosis, and medical intervention. The availability of 3D
printers is continuously increasing; therefore, £d printing can be implemented in everyday
clinical care. Despite the intensive research and development in the field, handheld medical
devices have not been fabricated with CFR technology, nor have fatigue properties been
considered previously in terms of these instruments. Similar studies have highlighted that
FFF/FDM 3D printing may be suitable for the production of handheld medical devices, but
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detailed structural and mechanical characterization has not been carried out, and fatigue
properties have not been previously investigated [13,14].

Compared to PLA, the examined carbon composite material has no classical fatigue
properties; after the 100 cycles, the measured force values been remained nearly constant.
Moreover, it was highlighted that CFR technology can provide sturdier and more force-
resistant products compared to FFF technology. This is consistent with a previous study,
where an external fixator was fabricated using this technology and the Onyx material [22].
In the case of flexural fatigue tests, 30-mm deflection can be considered to be a limit, since a
significant decrease in tensile strength was measured above this value, as well as a change
from “V”-shaped fracture lines to a straight pattern. This observation was also supported
by the SEM images, which revealed that after a long-term fatigue test the carbon fibers
broke into smaller pieces. The torsion fatigue test showed a permanent deformation beyond
a 40◦ rotation rate, but the carbon fibers presumably remained fully intact; therefore, the
axial and radial resistance did not drop during tests up to 90◦—in this case, only the
polyamide base material slides away. The tensile test revealed that there is no distribution
between the measured values. In terms of Shore D hardness, the values correlated with
previous studies [23,24], and underlined that both materials are hard enough to fabricate
medical devices, but the flexibility of PLA can be a disadvantage when stability and shape
retention are required.

Tooth extraction is a complex surgical process that contains gripping, twisting, and
traction in order to expand the bony socket and rupture the periodontal ligament fibers.
For this reason, properly geometrically shaped pliers able to reduce the applied strength
needed are required. Within the limitations of this study, we measured the applied force
of traction.

Based on the initial results, the first upper molar dental forceps was designed using
reverse engineering methods, and printed out with a CFR desktop printer. Dental special-
ists critically evaluated the extractor and compared it to a traditional, metal instrument.
Using a unique, real-sized tooth model, it was proven that using the forceps fabricated
from the carbon composite material can provide enough force to potentially extract a real
tooth in a clinical environment. Furthermore, it was highlighted that this device can be
reused several times. The results were consistent with previous findings, which measured
vertical tooth extraction forces in real patients, and found that the amount of force required
strongly depends on root anatomy and dental status [25,26]. Based on the reports of the
dentists, after some minor modifications, our device could be potentially used in real-life
conditions. Their reports suggest that the elasticity should be decreased more, the jaws of
the device should be more stable, and the internal profile should be more ribbed.

In accordance with previous studies, it was confirmed that additive manufacturing
technologies can be useful in the manufacture of medical devices. The main target groups
include facilities or missions where continuous supply is not provided—for example,
medical humanitarian missions [27], remote medical sites, or even space missions [13,14].
Moreover, recently, several studies highlighted that 3D printing can be a solution in times of
global crisis, such as the COVID-19 pandemic [28–30]. Our findings reveal that instruments
printed with CFR technology can be potentially used several times, and their mechanical
properties provide excellent durability. The instrument is lightweight, easy to customize,
and can be fabricated without any special infrastructural needs.

Despite the mechanical characterization being carried out in detail, in the future, it
will be extremely important to evaluate the potential disinfection protocols that can be
used for medical instruments fabricated with 3D printers without causing major change to
their material properties. This aspect is crucial in terms of reusability, and precise, critical
evaluations are still needed in terms of the sterilization of these medical instruments [22,31].
Furthermore, cost-effectivity analysis should be considered; however, the availability of
3D printing technologies is continuously increasing [32]. The limitations of our study also
include the relatively low number of testing volunteers. These questions will be addressed
in the upcoming projects of our research team.
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In the near future, after the recommended modification of the model, and after ob-
taining the necessary ethical approval, cadaver studies are planned in order to prepare the
devices for clinical trials. We believe that the findings could be implemented in everyday
patient care as well as remote medicine applications.

5. Conclusions

Summarizing the results of the mechanical and structural analyses and the validation
process, it is highlighted that CFR technology with carbon-reinforced composite materials
can be suitable for the development and production of handheld medical devices. Further-
more, these devices can be reused for several sessions and procedures. The findings of this
study also aim to inspire and support further research in the field of medical device design
and fabrication based on 3D printing technologies.
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Appendix A

Table A1. Likert scale; summary of the results of the simulation of tooth extraction.

Dentist 1 Dentist 2 Dentist 3 Dentist 4 Dentist 5 AVG

Metal Upper Right
Molar Forceps

How firmly could you grab the 3D-printed
tooth with the metal dental forceps? 5 4 4 4 5 4.4

How similar was the torque you could use
to what is necessary in a clinical
environment?

5 4 4 4 4 4.2

How similar was the axial extraction force
you could use to what is necessary in a
clinical environment?

5 5 4 4 5 4.6

Composite Upper
Right Molar Forceps

How firmly could you place the forceps on
the model? 3 4 4 4 3 3.6
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Table A1. Cont.

Dentist 1 Dentist 2 Dentist 3 Dentist 4 Dentist 5 AVG

How could you compare the similarity of
the torque you used to what is necessary in
a clinical environment?

3 3 4 4 3 3.4

How could you compare the similarity of
the axial extraction force you used to what is
necessary in a clinical environment?

3 4 3 4 4 3.6

To what degree could the flexibility of the
forceps influence the proper positioning of
the equipment during extraction?

4 4 5 3 4 4.0

How convenient did you find the composite
forceps during the procedure? 4 5 4 5 4 4.4

Would you use such forceps during patient
care? No Yes No Yes No 40%

If you would not use our composite forceps
in patient care, could it be made appropriate
for you with some modifications?

Yes Yes Yes Yes Yes 100%
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