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A B S T R A C T   

Compared with synthetic fibers, natural fibers exhibit high specific mechanical strength, excellent thermal and 
acoustic insulation, and super biodegradability. These characteristics made them potential materials for green, 
sustainable, and inexpensive manufacturing of the next-generation composite components. This work focuses on 
addressing the material extrusion challenge in 3D printing natural fibers using direct ink writing technique. Flax 
fiber, a common natural fiber, is studied. Influence of the layered structure of the flax fiber on the printability in 
direct ink writing process is investigated. Techniques. It is found that the outer layer of the fiber can be con
trollably removed by the sonication process and the processed fiber can be dispersed uniformly in the elastomer 
to form a homogeneous ink, which overcomes the tip clogging issue in extrusion-based 3D printing techniques. 
To understand and quantify the influence, rheological properties are characterized. Additionally, the printability 
is investigated. Furthermore, mechanical behaviors of the 3D printed flax-fiber elastomer composites are 
analyzed. It was found that with an addition of only 0.2 wt% surface-modified flax fibers, the tensile properties 
could be increased over 100%, which is comparable to or even higher than other synthetic fiber-based com
posites with much higher fiber loading fractions. The findings in this study indicate a novel and sustainable 
method to engineer composites using direct ink writing technique. The high degree of property tunability and 
material biocompatibility indicate great promise of applications of the 3D printed fiber-elastomer composites in 
many fields, such as soft robotics, biomedical devices, and flexible wearable electronics.   

1. Introduction 

Silicone-based elastomers, such as polydimethylsiloxane (PDMS), 
have superior elasticity, biocompatibility, and optical transparency [1, 
2]. A broad range of applications has been demonstrated in bioengi
neering [3], flexible and wearable electronics [4]. Despite the superior 
intricate properties of elastomers and their wide applications, re
searchers also started to investigate functional fillers for producing 
elastomer composites with new material functionalities [5,6]. Carbon 
fibers [7], glass fibers [8], and metal particles [9] embedded in elas
tomer composites have been recently reported. However, those func
tional fillers are usually made from unsustainable petroleum. They are 
not biodegradable and can cause serious disposal/recycling problems in 
the environment. 

Recently, the use of natural fibers instead of synthetic fibers in 
composite materials attracted significant attention of research commu
nity. Extensive studies on natural fibers, including sisal [10], jute [11], 
and flax [12] demonstrated the potential for a green, sustainable and 

inexpensive components for the next-generation composite materials. 
These natural fibers exhibit high specific mechanical strength, excellent 
thermal and acoustic insulation, as well as good biodegradability [13, 
14]. In contrast to relatively rigid synthetic fibers, natural fibers also 
offer excellent flexibility and softness, which make them ideal for many 
applications such as soft robotics and medical engineering [15,16]. 

Specifically, flax (Linum usitatissimum) is one of the commonly used 
natural fibers as reinforcement in composites [17]. Flax fibers are 
inexpensive and abundant in nature. It is one of the very first materials 
to be woven into textiles, which was found in graves in Egypt dating 
back to 5000 BC [18]. In recent years, Canada has been the largest 
producer and exporter of flax. Canada produced more than one million 
tons flax and exported approximately 60% to the EU, 30% to the USA, 
and 4% to Asia due to the increasing worldwide demand in linen market 
[19]. Some other leading producers of flax include France, Belgium and 
the Netherlands [20]. Climatic conditions in these regions and countries 
are suitable for growing and planting flax. The growing cycle of flax is 
usually short, with only 100 days between sowing and harvesting in 
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some European regions [21]. 
Tensile properties of flax fibers are critical in fiber reinforced poly

mer composites. Charlet et al. tested single flax fiber using a universal 
tensile testing machine. It was found that the fibrils arrangement highly 
affects the tensile properties [22]. Garkhail et al. fabricated thermo
plastic composites consists of flax fiber and polypropylene and investi
gated the influence of fiber length and fiber content on stiffness and 
strength [23]. It was revealed that the stiffness of the flax based com
posites is comparable to glass based composites, indicating that future 
research towards significant improvements in tensile and impact 
strength of these types of composites. 

However, preparation of natural fibers like flax for matrix compos
ites requires extensive efforts, due to substantial variations in fiber di
mensions and orientations. Many approaches have been developed to 
prepare fibers in a more consistent and repeatable form, for ease in 
manufacturing and property control. For instance, it was reported that 
the alkali treatment of jute in Biopol composites can result in a 30% 
increase in bending strength [24]. It was proved that the storage 
modulus of short bamboo fiber-reinforced polypropylene composites 
could be increased by hybridization [25]. However, these material 
preparation methods involve complex chemical processes, and most of 
these composites were fabricated by subtractive manufacturing or in
jection molding, which have limited flexibility in terms of material 
manipulation and complicated object geometry. 

Recent progress in additive manufacturing (AM) enables more 
advanced design and fabrication of fiber-embedded composites [26–28]. 
For example, carbon fiber-reinforced thermoplastic composites with 
improved mechanical properties have been fabricated by fused deposi
tion modeling (FDM) in which the materials are extruded through a 
heated nozzle [29]. Fiber-filled epoxy resins and elastomers have also 
been demonstrated by direct ink writing (DIW) technique [30,31]. 
Specifically, in DIW process, the liquid-phase “ink” is dispensed through 
small nozzles under controlled flow rates and deposited along digitally 
defined paths to fabricate three-dimensional structures in a 
layer-by-layer way. In general, the printing mechanism of DIW can be 
pneumatic (air pressure) and mechanical (piston). Compared with other 
AM techniques, DIW widens the printable material range and achieves a 
higher manufacturing flexibility. However, studies reporting printing of 
natural fibers are very few. Printing heterogeneous 
natural-fiber-polymer composites by extrusion-based additive 

manufacturing technologies is challenging due to the poor dispersion of 
natural fibers, which usually have significant variation in dimensions. 
For extrusion-based AM approaches, one of the critical prerequisites is 
the ink homogeneity, to avoid the typical nozzle clogging issue. 

In this study, for the first time, we report the direct ink writing of bio- 
compatible surface-modified short flax elastomer composites with 
tunable mechanical properties. To enable the printability of the flax 
polymer composites in extrusion-based AM process, the flax fibers are 
surface modified into a consistent form by removing the outer layer of 
the raw fiber structure using the sonication approach. The mechanical 
properties of flax polymer composites are competitive or even better 
than synthetic fiber filled composites. The findings in this study indicate 
a novel and sustainable method to engineer composites using direct ink 
writing technique. 

2. Material and methods 

2.1. Microstructure of surface-modified flax fiber 

Flax fibers have irregular polygonal cross-sections and a hollow 
structure, consisting of approximately 81% cellulose, 14% hemicellu
lose, 3% lignin, and 4% pectin [32]. The main structure of flax fibers 
consists of two walls, as shown in Fig. 1a. The first wall along the plant 
growth is a primary wall containing both cellulose and hemicellulose, 
with microfibrils disorderly arranged. The thickness of the primary wall 
is approximately 0.2 μm, according to the recent studies [33]. The sec
ondary wall, which consists of another three layers (first, second, and 
third) is located inside the primary wall. The thickness of the second 
layer is usually more extensive than those of the first and third layers. It 
also contributes to the overall strength of the fiber. In this three-layer 
structure of the secondary wall, helically wound highly crystalline cel
lulose chains-structured microfibrils, have been observed. The microfi
brils are formed by 30–100 cellulose molecule chain, oriented with an 
approximately 10� angle along the center axis of the fiber. The sec
ondary wall contributes up to 70% to the fiber Young’s modulus. Hence, 
a higher cellulose content can result in a higher tensile modulus. 

As shown in Fig. 1b, we observed that the color of short flax fibers 
changed from brownish to white, and some dark brown particles (pri
mary layer residues) were floating on top of the suspension during the 
sonication process after 3 h sonication process (300-Watt power setting). 

Fig. 1. Surface-modified short flax fibers. (a) Flax fiber layer-by-layer structure illustration. (b) Optical images of raw and surface-modified chopped flax fiber 
suspensions, scale bar ¼ 5 mm. (c) SEM images of raw and surface-modified chopped flax fibers, scale bar ¼ 250 μm. 
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Fig. 1c shows the scanning electron microscopic images of the raw and 
surface-modified flax fibers. The sonication process mainly removed the 
primary wall of the raw flax fibers by moderate vibrations. Between each 
sonication period, those primary layer residues were filtered. The 
remaining surface-modified flax fibers (sonicated) became more 
consistent in dimensions upon the removal of these primary wall resi
dues, which efficiently minimized the fiber agglomeration and made it 
possible to extrude fiber-dispersed inks without adding additional 
chemicals. In this study, Dmax is defined as the maximum observed 
diameter of the bundled fiber under a microscope. Surface modified flax 
fiber shows much smaller Dmax. Dmax reduced from 165 μm to 50 μm by 
the surface modification process. Hence, the sonication process sepa
rated most large bundles of raw flax fibers, which further reduced the 
average fiber diameter to overcome the typical tip clogging issue in 
extrusion-based AM of fiber-embedded materials. 

2.2. Surface-modified flax elastomer composite ink preparation 

The typical tip clogging issue in extrusion-based AM process is 
caused by the fiber agglomeration [34]. Such agglomeration is usually 
due to the oversized fiber bundles in the composite ink, which tend to 
form large fiber blocks under the high shear stress during the material 
extrusion through the dispensing tip. To overcome it, those oversized 
fiber bundles need to be dispersed. The complete ink preparation process 
is shown in Fig. 2. Raw flax fibers with 20–200 μm diameter were first 
carefully chopped into short pieces. The length of the as-cut fibers 
mainly ranged from 0.5 mm to 2.0 mm. Afterward, 200 mg of short flax 
fibers were filtered by a copper mesh with 0.5 mm pores to further 
remove oversized flax fibers. The filtered flax fibers, together with 50 ml 
deionized water, were homogenized by a probe sonicator (QSonica 
Q500) at a 300-Watt power setting. The total sonication time was 3 h 
(30 min per sonication period, 6 periods in total). Between each soni
cation period, the mixture was cooled down to room temperature to 
avoid the overheating issue in probe sonication process. 

After removing the primary wall of the raw flax fibers, the remaining 
surface-modified flax in deionized water suspension was dried at 90 �C 
in an oven overnight. The thoroughly dried surface-modified flax fibers 
were collected. In this study, to prepare the composite, Dow Sylgard 184 
silicone elastomer was purchased and used as received. It is a two- 
component (base and curing agent, mix weight ratio 10:1), room tem
perature curing encapsulant. The 0.2 wt% and 0.5 wt% composites were 
prepared by adding 20 mg and 50 mg of surface-modified flax fibers to 

Fig. 2. Ink preparation process.  

Fig. 3. DIW system setup and dispensing tips. (a) DIW system setup. (b) 
Dispensing needles, inner diameter ranges from 0.48 mm to 1.37 mm, scale bar 
¼ 0.50 mm. 
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9.1 g elastomer base, separately. Both blends were mixed at 2000 rpm 
(AR-100, Thinky) for 30 min. Then, the blends were degassed (AR-100, 
Thinky) for 2 min. Afterward, they were blended with 0.9 g curing agent 
at 2000 rpm for 3 min before loading to a syringe barrel (Nordson EFD). 

2.3. DIW system setup and fabrication process 

Direct ink writing (DIW) is an additive manufacturing technique 
which was first developed for fabricating three-dimensional ceramic 
structures. Numerous applications including flexible electronic to soft 
functional devices have been demonstrated. Compared with other ad
ditive manufacturing techniques such as Fused Deposition Modeling 
(FDM) and Stereolithography (SLA), DIW enriches the printable mate
rials to achieve a higher manufacturing flexibility. However, like many 
other extrusion-based AM process, printing natural fiber composites is 
challenging due to the large variations in fiber dimensions, causing tip 
clogging issues. Our proposed sonication method for modifying natural 
fibers overcomes this bottleneck. 

The system used for direct ink writing is shown in Fig. 3a. It was 
developed by modifying a dispensing robot (E3V, Nordson EFD). DIW 
was implemented by extruding inks through dispensing tips onto a 
moving platform in a trace-by-trace and layer-by-layer way. The air 
pressure and the vacuum level were accurately controlled by dispensers 
(Ultimus II, Nordson EFD). Traces were directly written using various 
stationary blunt stainless-steel syringe tips with inner diameters ranging 
from 0.10 mm to 1.37 mm and a pump system coupled with a motorized 

XY stage. Inks were loaded into 10 cc syringe barrels. The experimental 
setup also consists of a pressure controller which can regulate the ink 
flow rate in a pre-determined manner, a heat-controlled platform, and a 
CCD camera. The platform temperature was controlled and can be 
adjusted from 25 �C to 135 �C. The syringe tip was fixed at a Z stage. The 
standoff distance is proportional to the tip gauge for each experiment. A 
CCD camera for visually detecting such standoff distance is enabled. The 
CCD camera was also used to monitor the dispensing process in real 
time. The stage was reset to the origin point to initiate a printing job. 
Upon reaching the starting position of a trace, the pre-set pressure from 
the regulator is started immediately after the start of the platform mo
tion. The pressure is reduced at the end of the trace. An elevated tem
perature of 100 �C was used during the composite ink printing, resulting 
in fast curing within several minutes. The thoroughly solidified com
posite was cooled down to room temperature after printing for further 
mechanical property measurements. In this study, to investigate the 
printability of the flax elastomer composites, we tested several stainless 
steel blunt dispensing tips (McMaster Carr). As shown in Fig. 3b, the 
inner diameters of these tips range from 0.48 mm to 1.37 mm. 

2.4. Surface-modified flax elastomer composite ink characterization 

In DIW process, the typical rheological requirements for the ink with 
good printability are: (a) shearing thinning, and (b) storage modulus/ 
loss modulus ratio » 1 under small shear stress and ≪ 1 under large shear 
stress [35,36]. Requirement (a), shear-thinning behavior, easily enables 

Fig. 4. Ink characterization of 0.2 wt% and 0.5 wt% flax composite inks. (a) Apparent viscosity measurements. (b) Elastic (G0) and loss (G’‘) moduli. (c) Temperature- 
dependent apparent viscosity changes of the elastomer after mixing. (d) Trace width of printed 0.2 wt% surface-modified flax elastomer composites under various 
dispensing tips and air pressure. 
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the extrusion through fine diameter dispensing tips without requiring 
large shear stress under high printing air pressure for high-resolution 
printing. While requirement (b) ensures the printed filament stays its 
original shape to prevent liquid instability issues such as bulging and 
breaking into droplets. Herein, rheological properties of the prepared 
0.2 wt% and 0.5 wt% flax composite inks were measured by a rotational 
rheometer (Kinexus ultraþ, Malvern) under a 25 mm diameter plate 
geometry. The plate geometry is supported by a virtually frictionless air 
bearing and driven by an ultra-low inertia motor, coupled to an 
ultra-high precision position encoder. The controllable motor torque 
characterized the rheological properties. Both inks in this measurement 
are free of curing agent to eliminate the influence of the elastomer 
curing. After loading into the 0.3 mm gap between the fixed substrate 
and the movable plate, inks were stabilized at 25 �C for 5 min. The test 
usually proceeds through a logarithmic sequence of shear rates while 
measuring the apparent viscosity at 25 �C. 

As shown in Fig. 4a, the 0.5 wt% flax composite ink reveals a slight 
shear-thinning behavior. It has a higher apparent viscosity up to 14.1 Pa 
s when the shear rate ranges from 0.1 s� 1 to 10 s� 1. On the other hand, 
the 0.2 wt% flax composite ink reveals a practically Newtonian-line 
behavior. The apparent viscosity of the 0.2 wt% flax composite de
creases from 6.9 Pa s to 5.1 Pa s when the shear rate increases from 0.1 
s� 1 to 100 s� 1. Both inks reveal a similar apparent viscosity trend in the 
10 s� 1 to 100 s� 1 shear-rate range, which ensures the printability in 
extrusion-based additive manufacturing technologies. Fig. 4a also shows 
the summary of the measured contact angles of flax/matrix inks on the 
glass substrate. Equilibrium contact angles of the inks were measured 
using a high-definition greyscale camera (CMLN-13S2M-CS, Point Grey 
Research Inc) with a 35 mm lens at 25 �C. Both inks reveal similar 
equilibrium contact angles (approximately 21�), indicating a moderate 
wettability of the prepared inks on a smooth surface finish. Fig. 4b shows 
the storage modulus (G0) and loss modulus (G’’) as functions of shear 
stress for the prepared 0.2 wt% and 0.5 wt% flax composite inks. Both 
inks are elastic-like solids (G’ » G’’) with respective G’ values of 106.6 
and 487.2 Pa that flow when their respective shear yield stress values of 
0.16 and 1.59 Pa are exceeded. Once these inks exit the nozzle and re
turn to the zero-shear conditions, they rapidly retain their filamentary 
shape. 

In this study, the elastomer material is a polydimethylsiloxane 
(PDMS)-based two-component elastomer. It is heat-cured with an 
approximately 90 min pot life. After mixing, the material viscosity is 
gradually increased due to the crosslinking process. Since the fabrication 
process of specimens for the mechanical test can take up to 20 min, we 
investigated the viscosity dynamics of the elastomer under various 
curing temperatures, as shown in Fig. 4c. The measured apparent vis
cosities at a consistent 1 s� 1 shear rate at 25 �C, 37 �C, and 50 �C are 
plotted. At 25 �C, the apparent viscosity (approximately 3.3 Pa s) is 
barely affected within the first 20 min after mixing. At 37 �C, the 
apparent viscosity slightly increased from 3.3 Pa s to 3.9 Pa s, the in
fluence of the viscosity change on the printed geometry is minor. At 50 
�C, the apparent viscosity increased from the 3.3 Pa s to 8.6 Pa s due to 
the heat-induced crosslinking process of the elastomer. To keep a uni
form printed geometry accordingly, the time-dependent adjustment in 
printing parameter settings such as decreasing printing speed and 
increasing air pressure is necessary. 

To characterize the printed trace geometry, 0.2 wt% surface- 
modified flax elastomer composites are printed using blunt dispensing 
tips at 5–30 mm/s printing velocity under various air pressures (1.0–5.0 
psi) at room temperature. The printing substrate was glass, and the 
standoff distance (distance between the substrate and the dispensing tip) 
was 100 μm. The width of the printed trace was measured by an optical 
microscope (Micro-Vu SOL161), as shown in Fig. 4d, by varying the 
print speed, dispensing tip size, air pressure, the printed trace width can 
be adjusted from 0.2 mm to 4.4 mm. 

2.5. Specimen geometry and manufacturing process 

In this study, a single-layer sample with “I” shape geometry was 
designed for mechanical characterization, as shown in Fig. 5a. Traces 
were printed in the same direction with a 2 mm distance between each 
trace. To write those samples, a 1.37 mm inner diameter stainless steel 
tip was used to extrude inks onto a glass substrate. The standoff distance 
was 0.5 mm. The printing speed was 18 mm/s, and the input air pressure 
was 1.0 psi. The printing temperature was evaluated up to 100 �C to 
rapidly solidify the samples. The printed sample is shown in Fig. 5b. It 
was found that the surface-modified flax fibers are uniformly distributed 
in the PDMS matrix without agglomerations. 

3. Results and discussion 

3.1. Printability of surface-modified flax elastomer composites 

The printability of 0.2 wt% and 0.5 wt% flax elastomer composites 
are experimentally characterized through various sized dispensing tips 
under different sonication process settings. The inner diameters of the 
blunt dispensing tips are 0.48 mm, 0.97 mm, and 1.37 mm, separately. 
To characterize the printability, the as-prepared composites are consis
tently extruded using 3.0 psi pressure for 120 s to determine the print
ability. In the repeat experiments, if the tip clogging issue happens, we 
consider it as a failure. The typical tip clogging issue in extrusion-based 
AM is caused by the fiber agglomeration, as shown in Fig. 6a. Such 
agglomeration is usually due to the oversized fiber bundles in the 
composite, which can form large fiber blocks near the joint between the 
dispensing tip and the syringe barrel, which leaves insufficient room for 

Fig. 5. Geometry and fabrication process of specimens. (a) Mechanical test 
specimen geometry and fabrication pattern. (b) Images of printed specimen, left 
scale bar ¼ 10 mm, right scale bar ¼ 2 mm. 
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fiber movement, resulting in a printed trace with minimal fiber loading. 
The proposed sonication-based surface modification process for flax can 
separate those large fiber bundles, to enhance the natural fiber-based 
composite extrusion process. 

As shown in Fig. 6b, we first investigated the influence of sonication 
process setting on the extrusion success rate. The inks in this test were 
loaded by 0.5 wt% fibers in PDMS. The test was conducted using 0.97 
mm dispensing tips. The sonication power settings were 150-Watt, 300- 
Watt, and 450-Watt, separately. This test indicates that the sonication 
time is generally proportional to the extrusion success rate, while son
ication time longer than 2 h shows insignificant improvement for 300- 
Watt and 450-Watt settings with an approximately larger than 70% 
extrusion success rate. The sonication power is also proportional to the 
extrusion success rate. 150-Watt power setting shows the least 
improvement in printability, while 300-Watt and 450-Watt have much 
higher extrusion success rate in the overall trend. 

We also studied the influence of dispensing tip on the printability. 
Fig. 6c demonstrates the extrusion success rate of 0.2 wt% and 0.5 wt% 
raw and modified fiber elastomer composites after 3 h sonication pro
cess at 300-Watt power setting. As expected, surface-modified fibers 

show a much higher extrusion success rate. For 0.97 mm and 1.37 mm 
dispensing tips, the extrusion success rates of surface-modified 0.2 wt% 
and 0.5 wt% fiber elastomer composites are similar, range from 69% to 
85%, which is almost four times of the raw fiber ones with only 13%– 
23% extrusion success rate. For the 0.48 mm dispensing tip, the extru
sion success rate of surface-modified 0.2 wt% and 0.5 wt% fiber elas
tomer composites decreased to 76% and 60%, separately. This can be 
explained by the fiber length (0.5 mm–1.0 mm in this study), which is 
longer than the tip inner diameter, somehow increases the potential of 
clogging. The 0.5 wt% flax fiber composites have a slightly lower 
extrusion success rate than 0.2 wt% for all the dispensing tips. The 
findings in this study reveals that the sonication-based surface modifi
cation process enables the extrusion of natural fiber embedded elas
tomer composites. 

3.2. Mechanical properties of surface-modified flax elastomer composites 

The tensile strengths of the 0 wt%, 0.2 wt%, and 0.5 wt% surface- 
modified short flax fiber elastomer composites are presented in 
Fig. 7a. The measurements were conducted using an Instron 5942 tensile 

Fig. 6. Printability of surface-modified flax elastomer composites. (a) Typical fiber composites clogging issue. (b) Extrusion success rate of 0.5 wt% surface-modified 
flax elastomer from different sonication settings, 95% CI. (c) Extrusion success rate of 0.2 wt% and 0.5 wt% raw and surface-modified flax elastomer composites 
through various sized dispensing tips, 95% CI. 
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tester. Both 0.2 wt% and 0.5 wt% flax elastomer composites revealed an 
approximately 122% increase (from 1800 kPa to 4000 kPa) in tensile 
strength, compared with the pure elastomer. However, when the fiber 
loading fraction increases from 0.2 wt% to 0.5 wt%, the tensile strength 
of the composite did not reveal a noticeable difference. Many studies 
have reported that the addition of natural and synthetic fibers is bene
ficial for improving the tensile strength [37–39]. However, the loading 
fraction was usually much higher in those studies compared to the 
present work, and the samples were mostly fabricated using injection 
molding or subtractive manufacturing approaches. For example, to 
achieve an approximate 100% increase in the tensile strength in the 
elastomer-based composite, it requires at least a 1.0 wt% carbon fiber 
loading fraction [40], whereas adding only 0.2 wt% of flax fibers is 
sufficient in the present case. The increased tensile strength is beneficial 
for many elastomer-based applications, including soft robotics under 
harsh conditions where a high bearing capability is required. 

The measured Young’s moduli with different fiber loading fractions 
are presented in Fig. 7b. The average Young’s modulus increases from 
580 kPa to 1250 kPa and 1860 kPa after adding 0.2 wt% and 0.5 wt% 
flax fibers, respectively. The increase in Young’s modulus associated 
with the increase in fiber loading reveals a similar trend to many natural 
fiber-embedded polymer composites fabricated by conventional 
methods, such as injection molding and subtractive manufacturing [41]. 
However, the enhancement in stiffness in these traditional approaches 
arises solely from the randomly distributed fibers within the entire 
polymer matrix, without any local control of more complex structures. 
Our approach enables a spatial control of fiber distribution by varying 
the printing process layer-wise and partially adjusting printing pattern. 

As summarized in Fig. 7c and d, both tensile strength and Young’s 
modulus of the proposed flax elastomer composites can be adjusted by 
adding a much smaller amount of surface-modified short flax fibers, in 
comparison with many synthetic fibers and particles, e.g., such as car
bon fibers, Ag particles, PVDF fibers, and low-dimensional carbon-based 
materials-embedded elastomer-based composites [42–46]. 

4. Conclusions 

In this study, we reported the direct ink writing of bio-compatible 
surface-modified short flax elastomer composites with tunable me
chanical properties. The rheological properties of ink were engineered 
for a smooth extrusion. The printability of the composites through 
various sized dispensing tips is investigated. In this work, we found that 
the addition of a minimal amount of short flax fibers can significantly 
change the mechanical performance, showing a super excellent capa
bility in mechanical property engineering, compared to many other 
fiber-embedded composites reported in literature. By slightly adjusting 
the filler concentration, mechanical properties of the elastomer com
posites can be finely tuned in a wide range, providing new application 
opportunities in many fields including soft robotics and flexible wear
able electronics. The flexibility, softness, and biocompatibility associ
ated with the surface - modified flax fiber elastomer composites are 
promising. Our approach broadens the design and structural complexity 
for natural fiber-embedded elastomer composites. 
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