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Abstract

This study explores the 3D printability of a new material based on silicone and hemp fibers from renewable, sustainable and non-
petroleum resources with the aim of enhancing mechanical properties of silicone. Incorporation of fibers improved the mechanical
properties of the silicone matrix, but it also adversely affected the printability of silicone due to the high viscosity. Therefore, an
additional solvent is added into the composition to alter the viscosity. To mature the composite printing technology, this research
aims to find out the desired mixing composition of silicone, hemp fiber, and solvent. The behavior of the new engineered material
was analyzed using rheological study to obtain a printable material. The composition containing 15wt% hemp fibers and 20wt%
solvent with enhanced mechanical properties displayed the desirable printability. Moreover, the mechanical properties of the 3D
printed and molded samples were studied. The results revealed that 3D printed samples outperformed the molded counterparts.
Finally, a honeycomb structure and a simple gripper were fabricated to demonstrate the application of the developed material.
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1. Introduction

Additive manufacturing (AM) or three-dimensional (3D)
printing has been established and implemented in different
fields like aerospace and healthcare. It can fabricate a struc-
ture with complex geometries directly from a computer-aided
design (CAD) model. AM offers advantages over conven-
tional molding methods like the ability to create complex inte-
rior structures and different degrees of hardness, which makes
it attractive to be applied in different applications. To fabri-
cate functional parts with AM, there is an increasing interest in
developing 3D printable polymer composites. Different stud-
ies [1] have been done to develop new materials that are com-
patible with available printers. For instance, polylactic acid
(PLA)-wood composite is known as a commercial product, and
it has been applied in additive manufacturing of wood prod-
ucts. The most common method for 3D printing this wood-
thermoplastics composites is the fused deposition modeling
(FDM) [2]. FDM is an extrusion-based process that melts and
extrudes continuous filament of thermoplastic materials. It can
be used to fabricate composites when the filament is pre-mixed
with fibers [3], so the polymer is the base material (matrix).

Although there are some printable thermoplastic composites,
few studies focus on the development of elastomer composites.
Soft materials are important in various fields like soft robotics
and biomedical engineering (implants, prosthetics, and anatom-
ical models). For example, 3D printing of silicone rubber is
developed using the direct ink writing (DIW) method. In the
DIW process, elastomeric ink is extruded out of 3D printer’s
nozzle and deposited into pattern when the nozzle moves [4].
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Moreover, Joshua et al. [5] employed Stereolithography (SLA)-
based 3D printing method which is named 3D magnetic print-
ing to design dense ceramic/polymer composites. Electrically
asisted nanocomposite 3D printing was employed by Yang et
al. [6] to fabricate artificial meniscus. Silicone is a polymer
with an inorganic backbone of Si-O, which is made up of re-
peating units of siloxane. This inorganic backbone attached to
the organics group like alkyl (methyl, ethyl) or phenyl group.
Depending on their degree of polymerization and the complex-
ity of the organic groups, silicones can be in the form of oils,
greases, rubbers, adhesives, and gel. All forms of silicone have
their own usages, and they have applications in medical tech-
nology, industrial and manufacturing areas. Silicone’s signif-
icant characteristics make it suitable to be applied in different
fields. For instance, its thermal and chemical resistivity makes
it appropriate to be used as an insulator in the electrical field;
its hydrophobicity has led to its application in the aerospace
field; and its inertness and biocompatibility improve its use as
a biomaterial in the biomedical field [7]. However, the main
problem of pure silicone rubber is its poor tracking and erosion
resistance. Therefore, there is a need to enhance the properties
of silicone rubber such that its service life and service efficiency
are improved. A cost-effective solution to that is adding fillers
to reinforce the silicone [8].

Using glass or carbon fibers as a reinforcement is a com-
mon method to improve the mechanical properties of a poly-
mer matrix. However, glass or carbon fibers are not cheap
and not environmental friendly. In the exhausting of natural
resources, developing new products from renewable and sus-
tainable materials has been attracting increasing attention over
the past few years. Naturally grown fibers like hemp, flax or
jute are more of interest, particularly as a replacement of inor-

Preprint submitted to Elsevier March 18, 2020



ganic fibers. These natural fibers are cheap, have better stiffness
per unit weight and have a lower impact on the environment [9].
Among different natural fibers, hemp fiber has been commonly
known as an excellent reinforcement due to its low cost, high
strength, and ease of processing and recycling [10]. Although
natural fibers provide many advantages over glass fiber, they
have some disadvantages [11]. For example, due to the low
thermal resistance of natural fibers, some processing techniques
like molding and extrusion through a hot nozzle have a strong
impact on the fiber cell walls. That is why thermoset resin,
which cures in room temperature, was commonly used as a
binder in the production of natural fibers composites [12, 13].
Moreover, high moisture absorption is a major disadvantage of
natural fibers. The water content decreases the compatibility
between the fibers and the non-polar elastomeric matrix, lead-
ing to the poor fiber-matrix adhesion and thus low mechanical
properties. Therefore, many studies have been done on modify-
ing fiber surface to enhance interfacial adhesion between filler
particles and polymer macromolecules as well as their disper-
sion in the polymer matrix [14, 15]. Different chemical and
physical fibers surface treatment have also been used to improve
fiber/matrix interfacial adhesion [16]. The desired mixing com-
position also needs to be found in order to improve the fabri-
cation of composites [17]. However, there is no existing study
on how the treatments and fiber-matrix compositions affect the
3D-printability of the composites.

Motivated by the need of 3D-printable functional elastomeric
composites, this paper focuses on the study of incorporat-
ing hemp fibers into silicone – hemp-fiber reinforced silicone
(HFRS), to synthesize an eco-friendly and high-performance
3D printing material. However, the integration of hemp fibers
makes the material very viscous and thus causes major diffi-
culties in 3D printing. This work investigates the possibility
to increase the printability of HFRS by modifying the material
viscosity with the addition of a solvent. The main objective is to
determine the impact of hemp fibers and solvent incorporation
on tensile strength, force resistance, and 3D printability behav-
ior of HFRS. Rheological tests and physical validations are also
performed to determine and validate the desirable weight per-
cents of solvent and hemp fibers in the silicone composition.

2. Methodology

Hemp fibers and silicone were mixed in a form of paste,
and the composition was fabricated by an DIW 3D printing
process. Hemp fibers from low-cost and sustainable sources
were chosen as the reinforcement of the composite. Silicone
was selected as the binder material. The main focus of this
study is to determine the desirable composition of HFRS to pro-
vide enhanced mechanical properties while maintaining the 3D-
printability. Therefore, tensile tests were performed on different
samples to evaluate the effect of fiber loading and surface treat-
ment on the tensile strength and stiffness of the silicone. The
goal is to provide a novel low-cost silicone-based material with
enhanced mechanical properties for a wide variety of applica-
tions. The major challenge of fabricating HFRS with DIW 3D
printing method was that the incorporation of fibers changed the

Figure 1: SEM micrographs of hemp fibers.

viscosity and the curing time of silicone, making the silicone
unprintable. To solve this problem, a solvent – mineral spirit
– is added into the mixture to control the viscosity. The print-
ability of the HFRS composites with different solvent concen-
trations was evaluated by rheological evaluation and physical
validation. In addition, the mechanical properties of 3D printed
composites were compared to their molded counterparts, with
the same composition, to determine the impact of 3D printing
on tensile strength and stiffness of HFRS.

2.1. Materials

All of the materials employed in this work were obtained
from commercial sources. Untreated hemp fibers were pro-
vided by Ontario Hemp Materials company [18]. The length
of the fibers was ranging from 0:2 to 0:4mm and the diam-
eter was ranging from 0:04 to 0:09mm (see Fig. 1). GE
100% silicone was used in this study. The material 3-
Aminopropyltriethoxysilane (3-APS) used for silane treatment
was purchased from Gelest Inc. The mineral spirit used as the
solvent is a paint thinner produced by Varso.

2.2. Hemp fibers surface modification

Many efforts have been done to modify the surface of natu-
ral fibers such that the interfacial adhesion between fibers and
matrix is improved. Different physical and chemical treatments
for natural fibers including plasma treatment, heat treatment,
coupling agents (silane treatment), and mercerization are dis-
cussed in the literature [19]. The two most common methods
used in the fabrication of natural-fibers-reinforced elastomers
are alkali treatment and silane treatment, where the former im-
proves the mechanical adhesion and the latter introduces the
chemical bonding.

2.2.1. Alkali treatment
Alkali treatment has been used either alone or as a pretreat-

ment followed by other treatments. Modifying natural fiber’s
surface with aqueous sodium hydroxide (NaOH) lead to ion-
ization of the hydroxyl group to the alkoxides. It removes a
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certain amount of lignin and pectin and improves the interac-
tion between the �bers and the polymer matrix by facilitating
the exposure of reactive OH groups on the �ber surface. More-
over, mercerization increases the amount of cellulose exposed
on the �ber by increasing the number of reaction sites. In other
words, NaOH treatment provides rougher surfaces by removing
impurities and noncellulosic parts, which increase the adhesive
nature of natural �bers. Therefore, this method a� ects the cel-
lulosic �bril, degree of crystallinity, and extraction of lignin and
hemicellulosic compounds [20].

In this treatment, hemp �bers were soaked in a 5% (w/v)
NaOH solution for 2 hrs at room temperature. Fibers were
further rinsed with distilled water containing acetic acid. This
procedure was done a few times until the pH of the rinse wa-
ter reached 7, and the water no longer indicates any alkalinity.
Then the �bers were air dried for two days. At the end, �bers
were dried in an oven at 80� C for 6 hrs.

2.2.2. Silane treatment
Silane coupling agents are widely used due to their wide

availability. Silane has alkoxysilane groups at one end that
hydrolyze in water and produce silanol, which can react with
OH-rich surface. Silane as a coupling agent improves the
degree of cross-linking in the interface region and increase
�ber's surface area for the optimization of �ber resin reinforce-
ment [21, 22, 23]. In other words, alkali treatment leads to a
better interaction between the hydroxyl groups in cellulose and
the silane coupling agents that can result in chemical bonding
with the �ber surface.

Following previous studies [24, 25], silane solution was
made by hydrolyzing 5% (wt) silane 3-APS (weight percentage
regarding the �ber) in a mixture of water and methanol (40:60
w/w). The pH of the solution was adjusted to 4 with acetic acid.
The �bers were immersed in this solution for 3 hrs. Then, they
were washed and air-dried for two days, and further dried in an
oven at 80� C for 12 hrs.

2.3. Composite manufacture

Modi�ed �bers were distributed in the silicone matrix using
a vacuum mixer ARV-200. The �bers were dispersed in the
matrix by mechanical stirring for 2 mins. In this study, two
methods were used to fabricate the composite: molding and 3D
printing. The molded samples are used to quickly �nd out the
desired composition of �ber and matrix, and are compared with
the 3D printed samples.

2.3.1. Molded composites
To determine the desirable composition of hemp �ber and

silicone that gives enhanced mechanical properties, dog-bone
shape samples with di� erent compositions were molded. The
mold, which was used to produce the samples, was made from
acrylonitrile butadiene styrene (ABS) material. It is fabricated
by 3D printing according to the ASTM D412-16 standard,
which is the test method for determining the tensile strength
properties of vulcanized thermoset rubber and thermoplastic
elastomers. The HFRS samples were prepared in 10 wt%, 15

Table 1: 3D printing parameters for fabricating silicone and HFRS composite.
Material Layer

height
(mm)

In�ll
ratio
(%)

Feed
rate
(mm/s)

Travel
speed
(mm/s)

Nozzle
size
(mm)

Silicone 0.3 100% 10 120 0.84
HFRS 0.5 100% 8 120 1.54

wt%, and 20 wt% of hemp �bers, and the composites were ob-
tained with raw �bers, alkali-treated �bers, and alkali&silane-
treated �bers. The silcone were cured by the exposure to atmo-
spheric moisture at room temperature for 15 hrs to form cross-
linked molecular bonds. Incorporating �bers would increase
the viscosity and decrease the curing time. When 15% �bers
are incorporated, the curing time was decreased to 7 hrs.

2.3.2. Additive-manufactured composites
After determining the desired composition, the printabil-

ity of the HFRS composites was evaluated. For 3D printing
HFRS, a DIW setup was used, in which the Discov3ry paste
extruder [26] was employed. This extruder can be easily added
to any existing 3D printer. The Ultimaker line is our printer of
choice as it is open-source, well-engineered, and reliable [27].
HFRS composite was loaded into a syringe cartridge, and the
Discov3ry extruder system pushed the paste through a feed
tube. The material was injected through a nozzle and deposited
on platform layer by layer. We employed the optimized 3D
printing parameters used in the previous works [28] to fabri-
cate silicone as shown in the Table 1. We further optimized the
parameters for printing HFRS by experiments printing the dog-
bone shape samples and evaluating their quality. The setting is
basically the same, but a larger nozzle diameter is used since
the addition of �bers occasionally cause an obstruction in the
small nozzle. With respect to that, the layer height is set higher
and the print speed is set lower. There is a balance between the
printing speed and consistency of feeding. Therefore, 8mm=s
was chosen as the printing speed to fabricate HFRS, and the
printed lines are 1:55mmin diameter. This speed was chosen
based on experiments, which provides a consistent �ow for the
whole 3D printing process. This study investigated the e� ect of
di� erent amounts of solvent on 3D printing of HFRS compos-
ites.

3. Characterization

3.1. Fourier transform infrared spectrometry (FT-IR)
Fourier transform infrared spectrometry (FT-IR) is an ana-

lytical method for investigating the structural identi�cation or
con�rmation of identi�ed or unidenti�ed product. An infrared
spectrum allows to easily discover the presence of signi�cant
functional groups. FT-IR study of the untreated, NaOH-treated,
and silane-treated hemp �bers were done by using a FT-IR ma-
chine (Nicolet 6700/ Smart iTR) to determine the changes in
functional groups on the �ber surface. Following the litera-
ture [21], all the spectra are recorded in a range of 4000cm� 1

to 500cm� 1, where the expected picks of functional groups are
supposed to be presented.
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Figure 2: Schematic of the proposed research method to determine the print-
ability of the developed material.

3.2. Scanning electron microscopy (SEM)

To analyze the fracture surface of HFRS composite and to vi-
sualize the e� ect of alkali and silane treatment, scanning elec-
tron microscopy (SEM, Hitachi, S-3400N) was utilized. The
voids, microstructures, and interfacial interaction of �ber and
matrix were determined using SEM at voltage 5 kV, pressure
50 Pa, and at a focusing distance of 5 to 10 mm, for magni�-
cation of up to 1000X used in this study. In order to establish
e� ective conductivity for examination, the fracture surfaces of
tensile samples were gold sputtered by the Q150T Plus coater
produced by Quorum Technologies Ltd, United Kingdom. The
coating thickness was about 30 microns.

3.3. Mechanical test

To determine the tensile properties of the products, a ten-
sile test was performed using tensile test machine from Hoskin
Scienti�c company equipped with a 5 kN load cell. The test
was developed according to requirements of ASTM D412-06a
which is the standard test methods for vulcanized rubber and
elastomers-tension. The testing process was carried out at a
crosshead speed of 150 mm/min with a gauge length of 40 mm,
and the average values of tensile strength and modulus were
recorded for all experimental samples of untreated, NaOH-
treated, and NaOH/silane-treated HFRS composites.

3.4. Printability assessment

One of the goals in this study is to determine whether HFRS
can be fabricated using 3D extrusion printing. The �ow con-
tinuity during extrusion and the ability to keep its shape after
extrusion are the two essential requirements of the material to
be 3D-printable. Silicone is proven a printable material. How-
ever, the incorporation of hemp �bers increased its viscosity
making it unprintable. We proposed to add a solvent into the
solution to alter its viscosity. The solvent is a mineral spirit and
it will be evaporated after printing. Therefore, we need to �nd
an appropriate solvent concentration that provides 3D printabil-
ity without changing much the material characteristics. This
work used a rheological evaluation and a physical validation to
characterize the material printability (see Figure 2).

3.4.1. Rheological evaluations
Rheological studies were executed to measure yield stress,

viscosity, and recovery behavior of HFRS composites with dif-
ferent solvent concentrations. These rheological tests describe

the properties of the inks before, during and after being ex-
truded in the printing process. To simulate the condition inside
the nozzle, it is required to estimate the shear rate inside the
nozzle. The shear rate for shear thinning material was calcu-
lated via the following equation [29, 30]:

�
 =
3n + 1

4n
32 �Q
� D3

(1)

whereD is the nozzle diameter,�Q is the �ow rate, andn is the
coe� cient derived from the Power Law equation [31]:

� = k�
 n (2)

The behavior of each sample can be characterized by �tting the
Power Law equation to the shear stress-shear rate rheology plot
for each material.

A MCR301 rheometer (Anton Paar) was employed to mea-
sure the rheological properties of di� erent samples. A 25mm
parallel plate with a measurement gap of 1mmwas used. The
samples tested are pure silicone, pure HFRS (i.e., no solvent),
and HFRSs with 20 wt%, 30 wt% and 40 wt% solvent. Fol-
lowing the literature and customizing based on our need, the
following three rheological experiments at room temperature
were carried out:

1. To determine the yield point at which the material �rst
started to �ow, a shear stress ramp ranging from 0:01 to
100Pawas applied for all samples.

2. To investigate the shear thinning properties of the samples,
rotational shear viscosity measurements were done in �ow
mode in a range of [ �
 min �
 ].

3. To determine the materials recovery behavior after expo-
sure to shear rates, the rotational recovery behavior were
performed by simulating before, during, and after extru-
sion, i.e., �rst, a low shear rate ( �
 min) for 200s; second, a
high shear rate ( �
 ) for 100s; and third, a low shear rate �
 min

again for 200s.

The low shear rate is set to a very small value to simulate the
situation at rest (i.e., �
 min = 0:01s� 1) and the shear rate in nozzle
is calibrated by experiments, which will be reported in the result
section (i.e., �
 = 100s� 1).

3.4.2. Physical validation
To ensure printability of the designed material and con�rm

rheological measurement results, a physical test was performed.
All the experimental samples containing di� erent solvent con-
centrations were separately loaded into the syringes' barrel and
pressure was applied to the syringes' plunger. Then, the mate-
rial �ow was observed to determine the composition which had
the capability to form a continuous �ow. Moreover, honeycomb
structures were 3D printed to study material capability to keep
its shape after being deposited on the surface.

4. Results and discussion

4.1. Interfacial interaction between �ber and matrix
The existence of modi�cations in the chemical bonding in the

NaOH-treated, NaOH/silane-treated and untreated hemp �bers
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