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Strong, tough and bio-degradable 
polymer-based 3D-ink for fused 
filament fabrication (FFF) using WS2 
nanotubes
Hila Shalom1,2, Sergey Kapishnikov3, Vlad Brumfeld3, Naum Naveh4, Reshef Tenne2 & 
Noa Lachman1 ✉

WS2 inorganic nanotubes (WS2-NT) have been incorporated into Polylactic Acid (PLA) by melt mixing 
to create a bio-degradable, mechanically reinforced nanocomposite filament. The filament was then 
processed by Fused Filament Fabrication (FFF) 3D-printer, and the morphology and characteristics 
before and after printing were compared. We found that addition of WS2-NT to PLA by extrusion mixing 
increases the elastic modulus, yield strength and strain-at-failure by 20%, 23% and 35%, respectively. 
Moreover, we found that the printing process itself improves the dispersion of WS2-NT within the 
PLA filament, and does not require changing of the printing parameters compared to pure PLA. The 
results demonstrate the advantage of WS2-NT as reinforcement specifically in 3D-printable polymers, 
over more traditional nano-reinforcements such as graphene and carbon nanotubes. WS2-NT based 
3D-printable nanocomposites can be used for variety of applications from custom-made biodegradable 
scaffold of soft implants such as cartilage-based organs and biodegradable soft stents to the more 
general easy-to-apply nano-reinforced polymers.

Advanced manufacturing, and especially 3D printing, has attracted a lot of attention in the last decades, mostly 
due to its high versatility in materials and designs – including topographies that cannot be produced in traditional 
subtractive manufacturing, and the ease of custom-tailoring products. The latter has enormous advantage in the 
medical fields – especially orthopedic, dental and plastic medicine, as it allows precise anatomical design of the 
printed device – be it an implant, a surgical tool or a support model – to the specific patient1,2.

The most widely used printing technique is the Fused Filament Fabrication (FFF) used to fabricate thermo-
plastics such as Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene (ABS) and Polycarbonate (PC). In FFF, 
a thermoplastic filament is extruded through a heated nozzle onto a build platform as layer by layer are infused 
together to a final solid shape. The temperature of the extruding nozzle and build platform, as well as layer thick-
ness, orientation, and printing speed can be tailored to control the properties of the final product. The use of 
thermoplastic polymers allows for fast, low-cost and relatively simple fabrication of light-weight structures, but 
the final product will be mechanically weak. Moreover, as the demand for multifunctional materials increases, the 
need for complex designs to optimize the use of such materials also rises3–5.

Polymer matrix composites, and especially nanocomposites, propose an elegant solution: the micro- and 
nano-additives will provide improved mechanical6, electrical7, and other desired properties, while the polymer 
matrix maintains ease of fabrication and light-weight structure. The choice of nanofillers and thus of properties 
is vast4,8, but the transition from a pure polymer to polymer nanocomposite is far from trivial. Issues such as 
adhesion, orientation and dispersion of the nanofillers within the final product are still a challange3, as they affect 
not only the properties of the final product, but the printing parameters or even the very ability to print as well7. 
Moreover, while post-printing specimens have been examined7,9 and compared to their molded respectives6, no 
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work has yet examined the effect of the printer itself, namely – compared what is going into the printer to what 
is coming out of it.

In this work, we present the preparation and printing of PLA/WS2- Nanotubes (WS2-NT). WS2-NT are metal 
dichalcogenides nanotubes of the shape MX2 (M = transition metal, Mo, W, etc.; X = S, Se, Te). In its tube form, 
WS2 is a semiconductor, nontoxic, and dispersible in both organic solvents and polymers. With a Young’s modu-
lus of 160 GPa, bending modulus of 217 GPa, tensile strength between 16–20 GPa and strain at failure larger than 
10%10,11, WS2-NT are a non-toxic alternative to Carbon Nanotubes (CNT)12,13.

Due to the biodegradability of PLA, and the biocompatibility of WS2-NT, PLA/WS2-NT is a biodegradable 
nanocomposite. Reinforced PLA is used in biodegradable scaffolds for tissue engineering3,9,14, and previous work 
on PLA/WS2-NT15 have demonstrated improved mechanical and rheological properties compared to that of pure 
PLA, with little change in the polymer viscosity. The preservation of viscosity together with the clear advantages 
of custom-tailored scaffolds and prostheses inspired a high motivation in adjusting PLA/WS2-NT composite for 
FFF. An example for possible application can be seen in Fig. 1a, as a printed model of a cartilage-based organ (in 
that case – an ear) is presented. To examine the effect of the FFF printing process itself (illustrated in Fig. 1b), the 
morphology and mechanical properties of the feeding filament were compared to those of the printed specimens.

Results and Discussion
First of all, the morphology of PLA/WS2-NT composite before and after printing was compared using 
micro-X-ray computerized tomography (µ-XCT). The contrast between the heavy atoms of the WS2-NT and 
the light carbon atoms in the polymer backbone allows for good separation between the materials even at the 
relatively low resolution (0.5 µm) of the instrument, in which individual nanotubes cannot be determined. 
Pre-printed filament (Fig. 2), with an average diameter of 2.35 mm, exhibits very few large agglomerates overall, 
but most of the nanotubes are concentrated at the filament center – showing uneven dispersion of the nanotubes 
throughout the filament diameter. In contrast, the 0.5 mm diameter post-printed filament (Fig. 3) exhibits even 
smaller WS2-NT clusters that are now evenly dispersed along the filament diameter, apart from what appears to 
be dust artifact condensed around the hot, semi-liquid filament surface during printing. Comparing the PLA/
WS2-NT pre- and post-printing suggest that one of the main advantages in using FFF for nanocomposites pro-
cessing is the improved dispersion of nanoparticles without the need for solvent-supported dispersion. For exam-
ple, the biggest agglomerate decrease from 92.2 × 103 µm3 (pre –printing filament) to 157.4 µm3 (post-printing 
filament). In addition, the post-printing filament presents smaller average particle volume compared to the 
pre-printing filament. The volume fraction of the nanotubes in the pre-printed filament as obtained by the µ-XCT 
analysis is 0.33 vol%, while in the post-printed filament it is 0.80 vol%. It should be noted that both volume frac-
tions are higher than the expected value of about 0.2 vol% (0.5 wt%). This discrepancy can be also attributed to the 
limited resolution of the µ-XCT and the beam hardening during the data collection stage, which assigns a larger 
than expected volume for anisotropic objects, like nanotubes. Therefore, to further validate the preservation of 
WS2-INT in the filament, thermogravimetric analysis (TGA) was used to determine the weight mass of the nano-
tubes in the polymer matrix (see SI-1). The weight mass of the nanotubes was reduced from 1.27 wt% to 0.42 wt% 
for pre- and post-printed filaments, respectively. However, the weighing accuracy of TGA measurement is ±0.1%, 
which led to a percentage weight loss accuracy of ±0.5 wt%. Unfortunately, the percent weight loss accuracy of the 
TGA includes the nanotubes’ concentration in the PLA matrix. In addition, the difference in nanotubes’ concen-
tration pre- and post-printed filaments is also within the percent weight loss accuracy. Therefore, the nanotubes’ 
concentration in the PLA matrix pre- and post-printed falls within instrument error. As the results of the TGA 
and µ-XCT are both within the margin of error and in opposite directions, we assumed it is the same.

Second, the thermal behavior of PLA with and without WS2-NT, pre- and post-printing, as measured by 
Dynamic Scanning Calorimetry (DSC) (Fig. 4) was used to calculate the glass transition, crystallization temper-
ature and enthalpy, melting temperature and crystallinity percentage (Table 1). The results show negligible effect 
of the printing process on the composite crystallinity. It should be noted, that no changes were required in the 
printing parameters. Transition between the pure matrix and the nanocomposite in printing are thus simple and 
straight-forward.

Figure 1.  FFF-printing of PLA/ WS2-NT composite. (a) a model of a human ear (1:1), printed of PLA/ WS2-NT 
composite (with a pen to scale). Un-dyed, the model color is determined by the color of the WS2-NT. (b) 
illustration of the printing process.

https://doi.org/10.1038/s41598-020-65861-w


3Scientific Reports |         (2020) 10:8892  | https://doi.org/10.1038/s41598-020-65861-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Comparing the DSC results to those of solvent-cast PLA and PLA/ WS2-NT15 shows that solvent-casting 
induces the highest degree of crystallinity, most likely due to the much slower process of solvent evaporation that 
allows for larger crystals to grow. It is worth noting that dedicated-for-printing off-the-shelf PLA can also reach 
over 30% crystallinity post-printing, so optimization of formulation might be helpful in achieving higher crystal-
linity for improved mechanical properties, or lower for faster degradation.

In FFF 3D printing, numerous parameters influence the mechanical properties of the printed object. The 
number of studies investigating the printing parameters is increasing day by day. The correlation of different 
patterns, layer height and layer orientation were tested. The one-way analysis of variance (ANOVA) of the storage 
modulus at 37 °C and 50 °C from dynamic mechanical analysis (DMA) measurement (see SI-2) confirms that 
each 3D parameter (layer height, pattern and orientation) is an individual factor. From the analysis of the tensile 
test results, the best appropriate parameters to printed PLA is with layer height of 150 µm, Zig-Zag pattern and 
0° orientation.

The mechanical properties of printed PLA and PLA-WS2 – NT composite were also compared to those 
of solvent-cast films previously published15 (Fig. 5 and Table 2). As expected, the modulus and strength of 
PLA-WS2 are significantly larger than those of pure PLA. Interestingly, printed films exhibit lower values than 
printer-extracted wires, even though the printed films have the same orientation as the wires - parallel to the 
tensile axis. A fact that suggests adhesion problems between the printed layers. Such problems could perhaps be 
solved by post-processing treatment.

Printed films of pure PLA outperform their solvent-cast respective in all parameters – modulus, strength, 
strain-at-failure and toughness. Thus, the results confirm the strong disadvantage of solvent-casting, namely 
– residues of solvent acting as plasticizers in the polymer. As extrusion and FFF do not require solvent – the 
mechanical properties improve. However, the gap is inverted, with higher modulus and strain-at-failure for the 
solvent-cast films (strength and toughness are similar) when WS2 nanotubes are introduced to the composite. 
The most reasonable explanation to the favorable properties of the PLA/ WS2-NT solvent-cast film is its increased 
crystallinity, as confirmed by DSC. Such increased crystallinity due to WS2-NT addition was not observed in 
the fast-solidifying printed PLA/ WS2-NT, and so lower crystallinity also results in lower modulus, strength 
and toughness (see inset in Fig. 5 - specimens picture). The improved mechanical properties might also sug-
gest better dispersion of the WS2 INT by solvent-casting, countering the solvents-induced deterioration of the 

Figure 2.  µ-XCT of pre-printed filament. (A) 3D rendering image of PLA filament with 0.5 wt % INT–WS2, 
(B) volume distribution of the nanotubes and aggregates in the PLA matrix, (C) particles positions distribution, 
(D) particles positions distribution along the vertical axis. Note the large concentration of the particles 
at the filament center. Images drawn in Avizo Software version 9.7. Link to the software can be found in 
Supplementary Information.
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polymer matrix itself. As showed in previous work15, differences in dispersion can account to up to 50% difference 
in strength, 20% in modulus and 80% in toughness, as befitting the difference between printed and cast PLA/ 
WS2-NT. The difference in dispersion can also explain the large error range of the printed PLA/ WS2-NT wires. 
In addition, in both techniques, the WS2-NT with 0.5 wt% was able to improve all the mechanical properties 
of the neat PLA, while other studies have failed to resolve all the mechanical properties of the PLA reinforced 
matrix16–18.

Figure 3.  µ-XCT of post-printed filament. (A) 3D rendering image of PLA filament with 0.5 wt % INT–WS2, 
(B) volume distribution of the nanotubes in the PLA matrix, (C) particles positions distribution, (D) particles 
positions distribution along the vertical axis. Note that post-print particles are much more evenly distributed. 
Images drawn in Avizo Software version 9.7. Link to the software can be found in Supplementary Information.

Figure 4.  DSC Thermograms of (A) heating and (B) cooling PLA and PLA/ WS2-NT pre- and post-printed 
filament, compared to solvent-casted thermograms15.
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Method of 
Preparation Sample Tg(°C) Tcc(°C) ΔHcc(J/g) Tm(°C) ΔHm(J/g) Tc(°C) ΔHc(J/g) %Cry(%) 1−λ(%)

3D printing

PLA filament 59.9 ± 0.5 121.4 ± 0.5 19.3 ± 2.5 149.5 ± 0.2 20.9 ± 1.5 91.1 ± 9.4 0.5 ± 0.1 1.7 ± 1.1 0.6 ± 0.1

PLA with 0.5 wt% 
INT-WS2 filament 60.1 ± 0.1 128.8 ± 0.3 5.8 ± 0.3 151.5 ± 0.2 8.0 ± 0.6 99.3 ± 0.8 0.6 ± 0.1 2.3 ± 0.9 0.6 ± 0.1

PLA wire 59.9 ± 0.1 128.8 ± 0.1 25.5 ± 23.4 150.9 ± 0.6 26.1 ± 23.9 96.2 ± 2.0 0.7 ± 0.5 0.6 ± 0.5 0.8 ± 0.6

PLA with 0.5 wt% 
INT-WS2 wire 60.1 ± 0.4 129.4 ± 0.3 5.8 ± 0.4 151.7 ± 0.5 7.5 ± 0.6 104.1 ± 1.3 0.4 ± 0.0 1.8 ± 0.5 0.5 ± 0.0

Solvent casting15
PLLA 24 61.7 ± 0.4 114.8 ± 0.3 32.4 ± 12.0 178.6 ± 0.4 33.9 ± 12.2 101.6 ± 0.4 2.0 ± 0.1 1.6 ± 0.2 2.1 ± 0.4

PLLA 24 with 
0.5 wt% INT-WS2

65.5 ± 1.7 107.9 ± 7.9 3.1 ± 0.6 178.9 ± 0.3 37.9 ± 1.5 103.0 ± 0.9 30.6 ± 6.1 37.4 ± 2.1 32.9 ± 6.6

Table 1.  DSC parameters with standard deviation of PLA and PLA/ WS2-NT pre- and post-printed filament, 
compared to solvent-casted parameters15.

Figure 5.  Stress-strain representing curves of PLA and PLA/ WS2-NT pre- and post-printed filament, 
compared to solvent-casted.15. Inset: (A) – cast film, (B)- printed film, (C) – printed wire. Rule-bar to scale.

Method of 
Preparation Sample

Modulus 
(GPa)

Yield 
Strength 
(MPa)

Strain at 
failure (%)

Toughness 
(MPa*%)

Length 
(mm)

Thickness 
(mm)

Diameter 
(mm)

Solvent casting15

PLLA 24 
film 1.4 ± 0.05 22.0 ± 4.1 3.5 ± 0.6 1.2 ± 0.3 30.0 ± 0.1 0.14 ± 0.1 —

PLLA 24 
film with 
0.5 wt% 
INT-WS2

2.8 ± 0.2 60.9 ± 2.8 18.4 ± 5.2 5.7 ± 0.7 30.0 ± 0.1 0.10 ± 0.1 —

3D printing

PLA wire 3.6 ± 0.4 52.8 ± 10.5 4.8 ± 2.8 1.6 ± 1.1 34.1 ± 0.3 — 0.5 ± 0.0

PLA with 
0.5 wt% 
INT-WS2 
wire

4.2 ± 0.5 63.2 ± 10.1 8.8 ± 7.5 4.7 ± 4.1 33.9 ± 1.1 — 0.5 ± 0.0

PLA film 1.82 ± 0.17 46.76 ± 3.82 6.37 ± 1.95 2.11 ± 0.91 30.0 ± 0.1 0.22 ± 0.01 —

PLA with 
0.5 wt% 
INT-WS2 
film

2.19 ± 0.15 57.56 ± 4.83 8.63 ± 3.21 3.84 ± 1.78 30.0 ± 0.1 0.15 ± 0.01 —

Table 2.  Mechanical properties with standard deviation of PLA and PLA/ WS2-NT pre- and post-printed 
filament, compared to solvent-casted properties15.
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Unlike solvent casting, 3D printing allows the fabrication of many forms, including complex shapes and stand-
ard geometries such as dog-bones specimens. The printed pure PLA exhibits slightly higher modulus values but 
twice lower strength and strain at failures values compared to off the shelf printed PLA with same printing orien-
tation - parallel to the tensile axis.19,20 The addition of WS2-NT further increases all of the mechanical properties 
of the composite – more so than in printed films (see SI-3). This enhanced reinforcement of thicker specimens is 
encouraging, as it supports the possibility of using printed PLA/ WS2-NT for life-size scaffolds, such as demon-
strated above.

Conclusions
We have demonstrated, for the first time, the dispersion of WS2-NT in PLA thermoplastic via melt extrusion, fol-
lowed by FFF printing. The results show no changes in the thermal properties of the melted composite compared 
to the neat polymer, and therefore no changes required in the printing parameters – indicating ease of WS2-NT 
implementation in materials for FFF. Such implementation is to be desired, as WS2-NT presence enhances 
the mechanical properties of printed PLA such as modulus, yield strength, elongation at failure and toughness.

Moreover, after FFF processing, the dispersion of the WS2-NT in the matrix has improved compared to 
pre-printed filament. When compared to their solvent-cast equivalent, the printed polymer preserves its mechan-
ical integrity better, but the combination of the slow solidification and WS2-NT as crystal-nucleation sites increase 
crystallinity in the solvent-casted composite and thus its modulus.

These results show both the possibility and the advantage of FFF printed PLA/ WS2-NT composite. The pro-
cessing flexibility allows for various shapes, including medical uses such as cartilage scaffolds and joints.

Experimental
WS2 nanotubes (INT-WS2) 1–20 micron long with a diameter of 30–150 nm were purchased from Prof. A. Zak, 
Holon Institute of Technology, Israel. The synthesis of the INT-WS2 was according to the protocol described in 
the literature review. PLA pellets (4032D grade, NatureWorks) with a density of 1.24 g/cm3, were purchased from 
ReprapWorld, Netherlands.

To prepare the nanocomposite filament, PLA pellets (5 kg) and WS2-INT (12.5 g) were first dried in a vacuum 
oven at 50 °C overnight before processing. Then, PLA pellets were mixed with 0.5 wt% of WS2-INT in the melt 
state using a lab-scale co‐rotating twin screw extruder (EUROLAB Digital 16 ‘Prism’, D = 16 mm, L/D = 24) oper-
ated at 160 °C and 60 rpm. The melted compound was continuously cooled down to solidify under cold water at 
10 °C, then pelletized – creating PLA/WS2-INT composite pellets. Pellets of either neat PLA or PLA/WS2-INT 
composite were processed into filaments of the desired diameter (2.85 mm) by extrusion at 160 °C and 60 RPM 
followed by water cooling at 10 °C.

PLA and PLA/WS2-INT filaments (diameter of 2.85 mm and 2.35 mm, respectively) were printed using a 
Sigma R19 FFF printer (BCN3D Technology, Barcelona, Spain). Brass nozzles with 0.4 mm diameter were used 
with the printed temperature at 205 °C and platform temperature at 55 °C. The printing head speed was set to 
60 mm/s with layer height of 0.15 mm and Zig-Zag pattern. Specimens were printed with no shell layer and the 
infill was set to 100%. Every printed specimen was sliced to G-code using BCN3D Cura 1.1.0 software. The sam-
ples were printed to films with 0° orientation (parallel to the test axis). The dimensions of the printed films: 5 mm 
wide and 50 mm long, to allow gauge length test at 30 mm. Also, wires with an average diameter of 0.5 mm were 
tested with a gauge length of 30 mm.

The dispersion of the nanotubes in the PLA matrix was imaged with a Zeiss Xradia 520 Versa (Zeiss X-ray 
Microscopy, Pleasanton, CA, USA), under working conditions of X-ray source voltage (100 kV) and current 
(90 µA). Image processing and analysis were done with the Avizo software. The 2.35 mm diameter filament was 
imaged at 0.36 µm voxel size, while the 0.5 mm filament was imaged at 0.81 µm voxel size. The images were cor-
rected for beam hardening.

Thermogravimetric analysis (TGA) measurements were carried out using a TGA-IR Q5000 IR system. Pre 
and post PLA and PLA/WS2-INT filaments samples were analyzed in nitrogen atmosphere, from 40 °C to 500 °C, 
with heating rate of 10 °C/min.

Thermal characterization was performed with DSC 250 (TA Instruments, New Castle, DE, USA). Both PLA 
and PLA with 0.5 wt% INT-WS2 were measured before and after printing, and compared to their respective 
solvent-cast, as previously published15. Temperature and enthalpy calibrations were performed using indium. 
Samples 5 mg in weight were placed in an aluminum pan and measured against an empty pan as a reference. 
Measurements were carried out under 50 mL/min nitrogen flow rate according to the following protocol: First, 
heating from 30 to 200 °C and 3 min at 200 °C (in order to erase the thermal history). Then, cooling down to 30 °C, 
and, finally, a 2nd heating until 200 °C. All scans were performed at 10 C/min under 50 mL/min nitrogen flow 
rate. From the mid-point of the (heating scan) thermograms, the glass transition (Tg), cold crystallization (Tcc), 
and melting (Tm) temperatures were determined. The crystallization temperature (Tc) was determined from the 
cooling scan. The degree of crystallinity was calculated from the DSC curves in two ways:

(1) Xc = (ΔHm − ΔHcc)/ΔH°m ×100%
for heating21, and

(2) (1 −λ) = ΔHc/ΔH°m
for cooling22.

ΔHm, ΔHcc (heating), and ΔHc (cooling) are the melting enthalpy, cold crystallization enthalpy, and crystalli-
zation enthalpy (J/g), respectively; ΔHm° is the heat of fusion for completely crystallized PLA (93 J/g)23.
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Mechanical tests on both extracted wires and printed films were performed using Instron-5944 (Instron, 
Norwood, MA, USA) equipped with a 10 N load-cell at room temperature and a stretching speed of 1 mm/
min. The load and displacement were recorded by dedicated software provided by the manufacturer (Bluehill3, 
Norwood, MA, USA). Dog-bone samples (ASTM D638 - Type IV) were 3D printed and tested using MTS- 20/M 
tensile testing machine equipped with a 100 kN load-cell at room temperature and a stretching speed of 5 mm/
min. Fifteen specimens of each type were tested, and the results are given as average values. The load and displace-
ment were recorded by dedicated software provided by the manufacturer (TestWorks, Eden Prairie, Minnesota, 
USA).
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