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Abstract

:

Composites of poly(l-lactic acid) (PLLA) reinforced by adding inorganic nanotubes of tungsten disulfide (INT–WS2) were prepared by solvent casting. In addition to the pristine nanotubes, PLLA nanocomposites containing surface modified nanotubes were studied as well. Several surface-active agents, including polyethylene imine (PEI), were studied in this context. In addition, other biocompatible polymers, like poly d,l-lactic acid (PDLLA) and others were considered in combination with the INT–WS2. The nanotubes were added to the polymer in different proportions up to 3 wt %. The dispersion of the nanotubes in the nanocomposites were analyzed by several techniques, including X-ray tomography microscopy (Micro-XCT). Moreover, high-temperature rheological measurements of the molten polymer were conducted. In contrast to other nanoparticles, which lead to a considerable increase of the viscosity of the molten polymer, the WS2 nanotubes did not affect the viscosity significantly. They did not affect the complex viscosity of the molten PLLA phase, either. The mechanical and tribological properties of the nanocomposites were found to improve considerably by adding the nanotubes. A direct correlation was observed between the dispersion of the nanotubes in the polymer matrix and its mechanical properties.
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1. Introduction


Poly(lactic acid) (PLA) is a compostable thermoplastic derived from renewable plant sources, such as starch and sugar. Since lactic acid is a chiral molecule, PLA exists in three forms—l-PLA (PLLA), d-PLA (PDLA), and a racemic mixture of d,l-PLA (PDLLA) [1]. They all are biodegradable, compostable, and nontoxic to the human body and the environment. PDLLA is an amorphous polymer with degradation time of about a year for total absorption in the body, therefore it is usually considered for applications, such as drug delivery. On the other hand, PLLA is a semi-crystalline material with degradation time of longer than 5 years [2,3,4,5,6,7]. Therefore, PLLA is preferred in applications where high mechanical strength and toughness are required, like orthopedic prostheses. PDLLA is a random copolymer, consisting of l-lactic acid and d-lactic acid monomers; it is amorphous and cannot exhibit crystalline structures. Those polymers present lower strength and modulus compared with polyglycolic acid (PGA) [8,9]. One of the biggest disadvantages of PLA (PLLA, PDLLA) is its low fracture toughness [10]. Meanwhile, it is known that addition of small amounts of nanofillers to the polymer matrix can enhance its mechanical properties, significantly compared with the neat polymer [11,12,13,14,15,16,17]. Various nanoparticles were considered as reinforcement to biodegradable polymers, including multi-walled carbon nanotube (MWCNT) [18,19,20,21,22], cellulose nanofiber (CNF) [23,24], and TiO2 [25,26].



Inorganic nanotubes (INT) and fullerene-like (IF) nanoparticles of layered metal dichalcogenides MX2 (M = transition metal, Mo, W, etc.; X = S, Se, Te) were first reported in 1992. Each transition metal (M) atom within the MX2 layers, is covalently bonded to six chalcogen (X) atoms in trigonal prismatic coordination [27]. The MX2 layers are stacked together via weak van der Waals forces. The multiwall INT nanostructures are 1–20 μm long with diameter of 30–150 nm (aspect ratio of 100 and larger). They exhibit very good mechanical properties. For instance, the Young’s modulus of INT–WS2 is around 150–170 GPa, bending modulus of 217 GPa, tensile strength between 16–22 GPa, and their strain ε > 10% [28,29]. Their favorable mechanical properties were attributed to the high degree of crystallinity of the multiwall nanotubes, obtained through high temperature chemical synthesis. In addition, the INT–WS2 are chemically stable up to a temperature close to 350 °C in an oxidizing atmosphere and beyond 1000 °C in a reducing or neutral atmosphere. INT–WS2 can be readily dispersed in organic solvents, polymers, epoxy resins, etc. Incorporating the nanotubes (0.1–2 wt %) into different polymers and inorganic phases, was shown to improve the mechanical and thermal behavior of different nanocomposites [30,31].



Furthermore, the addition of the nanotubes to different gels [32,33] and polymer matrices [34] in small amounts leads to a precipitous reduction in the friction forces, which may have important ramifications on numerous medical and other technologies. Equally important is the fact that several studies have indicated that IF/INT of WS2 (MoS2) are non-toxic and biocompatible [34,35,36,37,38]. One of the challenges in nanocomposites is the compatibility between the polymer matrix and the nanofillers, which entails that the interfacial interaction between the surfaces of the two phases cannot be easily tuned and matched. This fact suggests that suitable surface modifications of the nanotubes can produce a more intimate and stronger nanotube-polymer interactions. There are several reports on the functionalization of nanoparticles in the literature, using N-Methyl-2-pyrrolidone (NMP) [39,40,41,42], polyethylenimine (PEI) [43,44], polyethylene glycol (PEG) [45,46,47,48,49], and more. NMP, PEI, and PEG are well-known dispersants for nanoparticles in various matrices [43,50]. Biocompatibility is a prime concern in this case since otherwise the nanocomposite may not be suitable for biomedical applications. Several reports on the effect of nanotubes and fullerene-like nanoparticles of WS2 incorporated in biodegradable/biocompatible polymers such as PLLA [51], poly(3-hydroxybutyrate) (PHB) [52], Poly(3-Hydroxybutyrate-co-3-hydroxyvalerate) (PHVB) [53], and others have appeared. These studies focused on the crystallization process of these thermoplastic polymers. They concluded that the addition of IF/INT induces a sharp rise in the nucleation rate and density of the polymer crystallites, which presumably leads to a reinforcement effect of the polymer matrix.



The INT–WS2 and also other inorganic particles, like IF–MoS2, INT–MoS2, and IF–WS2 confer excellent tribological properties when added in small amounts to a variety of lubricating fluids, offering them numerous applications [54,55,56]. The mechanisms involved in the tribological action of these nanoparticles have been investigated by a number of researchers, most notably via in situ transmission electron microscopy (TEM), scanning electron microscopy (SEM) [57], surface force apparatus (SFA) [58], and atomic force microscopy (AFM) [59]. Most notably, rolling, sliding, exfoliation, and also mending [60] were found to have paramount importance in explaining their superior tribological action.



This work also focuses on the influence of INT–WS2 on the PLLA matrix using various techniques—the relationship between the mechanical properties of the nanocomposites’ and the distribution of the nanotubes in the polymer matrix were evaluated by SEM, X-ray diffraction (XRD), differential scanning calorimetry (DSC), and X-ray tomographic microscopy (Micro XCT). The friction of the polymer films with and without the nanotubes was measured using two different setups. These measurements indicated substantial reduction in the friction force for the polymer films containing minute amounts of the nanotubes. The rheological properties of the neat PLLA and the nanocomposites were measured at elevated temperatures. In contrast with other nanoparticle fillers, the addition of the nanotubes did not influence the polymer viscosity and the dynamic rheological parameters.




2. Experimental


2.1. Preparation of PLLA/PLLA–INT–WS2 Nanocomposites


Two types of PLLA, with an inherent viscosity midpoint of 2.4 and 3.8 dL/g purchased from Corbion (Gorinchem, The Netherlands), trade names: PLLA 24 and PLLA 38, were used in this study. Reference samples were prepared by dissolving 1 g of PLLA in 20 ml dichloromethane (DCM) (5 w/v %), mechanical stirring (10 min), and solvent-casting in Teflon dishes. PLLA films with different wt % INT–WS2 were prepared by first fully dissolving the 1 g PLLA in 15 ml DCM and mechanical stirring (10 min). Multiwall WS2 nanotubes were prepared by reacting WO3 powder with H2S gas at elevated temperatures (850 °C) under a reducing atmosphere [61]. The diameter of the nanotubes varied between 40–150 nm and their length varied between 1–20 micrometer. Secondly, the nanotubes were fully dispersed in the rest of the DCM (5 ml) by ultrasonic bath treatment (about 5 min) and finally the two solutions were mixed together and mechanically stirred before solvent-casting in Teflon plates. The Teflon plates were dried in room temperature overnight. Subsequently, the films were vacuum annealed at 30 °C for a week and their weight loss was monitored, daily.




2.2. Functionalization of the INT-WS2


Several surface-modifying agents were used to functionalize the nanotubes N-Methyl-2-pyrrolidone (NMP), Polyethylenimine (PEI), and Polyethylene glycol (PEG).

	
PEI: INT–WS2 powder was sonicated at room temperature in a mixture of INT–WS2: 2% aqueous solution of PEI in a ratio of 2 mg: 1 mL for 10 min. Subsequently, the suspension was centrifuged at 6000 rpm for 15 min and washed with distilled water. Finally, the suspension was dried at 50 °C for 24 h. The PLLA 24 films were prepared according to the description in Section 2.1 but with chloroform as a solvent instead of DCM.



	
NMP: INT–WS2 powder was sonicated for 30 min in a mixture of INT–WS2: NMP: distilled water in a ratio of 2 mg:1 mL:2 mL. Subsequently, the suspension was annealed for 6 h at 120 C. The PLLA 38 films were prepared according to the description in Section 2.1.



	
PEG: INT–WS2 solution was mixed at room temperature in a mixture of INT–WS2:DCM:PEG distilled water in a ratio of 1 mg:1 mL: 1 mg:20 mL. Subsequently, the solution was treated in ultrasonic bath for 30 min followed by centrifugation at 6000 rpm for 5 min and washed with distilled water to eliminate the excess polymer. The PLLA 24 films were prepared according to the description in Section 2.1.









2.3. Characterization Techniques


2.3.1. High-Resolution Scanning Electron Microscopy (HRSEM)


The morphology and structure of PLLA/INT-WS2 nanocomposite films were characterized by HRSEM (Ultra 55, Zeiss, Oberkochen, Germany). In order to analyze the nanotubes distribution in the polymer, a cross-section of the sample was prepared by immersing in liquid nitrogen for a few minutes and then breaking the fragile specimen. In order to avoid the sample charging during the analysis (uncoated specimen), the cross-section was examined under relatively low accelerating voltage (1–2 kV) and low current. Secondary electrons (SE) and backscattering electron (BSE) detectors were used for the analysis.




2.3.2. Mechanical Properties


The mechanical properties of the films were measured by performing tensile tests, using Instron-5965 (Instron, Norwood, MA, USA) equipped with a 5 kN load-cell at room temperature and a stretching speed of 1 mm/min. The samples were cut into strips, 5 mm wide and 50 mm long. The gauge length of the tested strip was 30 mm. The sample thickness was measured using SEM by measuring the cross-section of each sample along the sample length before the test. Five specimens were tested for each type of sample, and the results were given as average values. The load and displacement were recorded by a dedicated software provided by the manufacturer (Bluehill3, Norwood, MA, USA).




2.3.3. X-ray Tomographic Microscopy (Micro-XCT)


The dispersion of the nanotubes in the PLLA matrix was imaged with a Zeiss Xradia Micro XCT 400 (Zeiss X-ray Microscopy, Pleasanton, CA, USA), under working conditions of a relatively low source voltage (40 kV) and current (200 µA). Image processing and analysis were done with the Avizo software. The voxel size was 0.3 μm. The images were corrected for beam hardening.




2.3.4. Differential Scanning Calorimetry (DSC)


Differential scanning calorimetry (DSC) was performed with a DSC 250 (TA Instuments, New Castle, DE, USA). Temperature and enthalpy calibrations were performed using indium. The weighted samples were about 5 mg. They 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 (Tg) was determined from the cooling scan. The degree of crystallinity was calculated from the DSC curves in two ways:


Xc=(ΔHm−ΔHcc)ΔHm∘×100%



(1)




for heating [60,61,62,63], and


(1−λ)=ΔHcΔHm∘



(2)




for cooling [50,51].



ΔHm, ΔHcc (heating), and ΔHc (cooling) are the melting enthalpy, cold crystallization enthalpy, and crystallization enthalpy (J/g), respectively; ΔHm∘, is the heat of fusion for completely crystallized PLA (93 J/g).




2.3.5. X-ray Diffraction


X-ray diffraction of the PLLA films was performed in order to determine the degree of crystallinity of each sample. The samples were scanned by X-ray powder diffraction (XRD) using TTRAX III (Rigaku, Tokyo, Japan) theta-theta diffractometer equipped with a rotating copper anode X-ray tube operating at 50 kV/200 mA. The samples were scanned in specular diffraction mode (θ/2θ scans) from 5° to 60° (2θ) with a step size of 0.02° and a scan rate of 0.5° per min.




2.3.6. Rheological Characterization


Dynamic shear rheological characteristics of the PLLA polymer and PLLA reinforced with 0.5 wt % INT–WS2 were determined by using a strain/stress-controlled rheometer (Thermo-Haake MARS III, Karlsruhe, Germany) equipped with a Peltier heating system and a temperature-control unit (HAAKE Heat Exchanger A, Thermo Scientific, Karlsruhe, Germany). The measurements were carried out using a plate–plate configuration with a plate diameter of 20 mm and a gap of 0.05 mm. The sample was placed between the plate–plate geometry and the measurement was started after preheating to 185 ± 0.1 °C.



Before starting the frequency sweep tests, a stress sweep test was applied at a range between 1–10,000 Pa to determine the linear viscoelastic regime (LVR) of the sample. Then, the frequency sweep test was conducted for all samples using a dynamic oscillatory shear rheometer at a frequency range of 0.1–100 Hz at a constant shear stress (3000 Pa, in LVR) in the LVR and constant temperature (185 ± 0.1 °C). The complex viscosity, storage (G′), and loss (G″) moduli spectra for both PLLA compositions were evaluated. Each measurement was replicated three times. The dynamic mechanical spectra parameters of G′ (storage modulus) and G′′ (loss modulus) were calculated using the following equations [62]:


G′ = G × cosδ



(3)






G′′ = G × sinδ



(4)




where δ is the phase lag between stress and strain and G is the shear modulus.



The complex viscosity η* can be calculated as


η* = G*/ω



(5)




where ω is the angular frequency and the complex modulus is defined as G* = G′ + iG″ with i = (−1)0.5.




2.3.7. Friction Coefficient


The friction forces were measured by Instron 5965, using a standard fixture (2810-005). The measurements of the static and kinetic friction coefficient of films were carried out according to the ASTM D1894 standard. The measurements were performed by recording the load of a moveable sled with weight of 1.15 kg (speed of 150 mm/min) across a horizontal table. Pieces of 2 × 3 cm2 were cut and glued to the lower surface of the sled. The static friction coefficient was derived from the peak of the first maximum (force) on the load curve. The kinetic friction coefficient was obtained by averaging the force between two pre-defined points along the track. The friction coefficient was defined as the recorded force divided by the mass of the sled (no extra load was applied). All the tests were performed at room temperature in air.



Three different measurements were carried out:

	
PLLA 24 film and PLLA 24 film with 0.5 wt % INT–WS2 were run 20 times on the steel table (the first 16 times served for running-in). The results of the last 4 measurements are reported.



	
PLLA 24 film and PLLA 24 + 0.5 wt % INT–WS2 film was rubbed 5 times on a silicon–carbide (SiC) paper (1200 grit) and then measured 3 times using the steel table.



	
PLLA 24 film and PLLA 24 + 0.5 wt % INT–WS2 film was rubbed 5 times on a SiC paper (150 grit) and then measured 3 times using the steel table.









2.3.8. Friction Force


The friction force was measured using a modified fixture attached to the Instron 5965. The original fixture was described in a great detail elsewhere [31,32]. Here, a stainless-steel rod was moved in the bore of a soft polymer ring made of room temperature vulcanizing (RTV) silicone (vide infra). The stainless-steel rod with cylindrical shape (8 mm dimeter) was fixed to the lead with two screws and attached to the load cell of the Instron. The lead was inserted into the RTV silicone ring in the model and the retraction force was measured while extracting the metallic lead from the ring at a speed of 50 mm/min. In every set of measurements, three different stainless-steel rods were used: Clean rod, rod coated by dip coating in the neat polymer solution, and in polymer solution containing 0.5 wt % INT–WS2 as described in Section 2.1. Different types of polymer films were used for coating the rod. They were: PLLA 24, PLLA 38, PLLA with a viscosity of 2.1 dL/g (RESOMER L210), PDLLA (viscosity of 0.55 dL/g, Lakeshore Biomaterials), and PDLGA 50/50 (viscosity of 0.4 dL/g, Lakeshore Biomaterials, Birmingham, AL, USA). The values of the polymer viscosities were provided by the supplier. The viscosity of the polymers was measured (by the supplier) in CHCl3 at 25 °C or 30 °C. No run-in procedure was undertaken in this study for the different samples.




2.3.9. Raman Spectroscopy


Raman spectra of the films were obtained with a Horiba-Jobin Yivon (Lille, France) LabRAM HR Evolution setup using solid-state laser with a wavelength of 532 nm. The instrument was equipped with an Olympus objective MPlan N 100× NA 0.9. The measurements were conducted using a 600 grooves/mm grating. Each spectrum was acquired for 20 s and the spectra were averaged 2 times, which enabled using low excitation power (about 1 mW) thereby preserving the sample integrity. The spectral ranges collected were from 70 to 3400 cm−1. In addition, Raman mapping was performed on the cross section of PLLA film with 0.5 wt % INT–WS2. An area of (5 × 5 μm2) of the cross-section was scanned during these measurements.






3. Results and Discussion


The weight loss of the polymer films during the drying process, i.e., heating at 30 °C under vacuum, is reported in Figure S1. A significant weight loss occurred in the first day of the drying and, subsequently, more gradual weight loss was observed for the film. The addition of the nanotubes to the polymer did not have a marked effect of the solvent evaporation. The morphology of the cross-section of the neat PLLA film and with different concentrations of INT–WS2 was examined by HRSEM. This analysis showed that the nanotubes were successfully embedded in the polymer and they were very well dispersed in the polymer matrix; see Figure 1A,B for PLLA 24 and PLLA 38, respectively (the nanotubes are circled in red color for facile tracking). The specimens were prepared by immersion in liquid nitrogen and breaking. The morphology of the specimens was studied by low-voltage SEM in order to prevent charging due to the low electrical conductivity of PLLA. The morphology of the two specimens were quite different. While the PLLA 24 presented a relatively smooth surface, the surface of the broken PLLA 38 was rather rough. The surface of the PLLA 38 was quite rough due likely to its low fracture toughness and brittleness. The nanotubes were positioned between the fractured planes, which is a common behavior of nanotubes as nanofillers in reinforced polymer matrices and, hence, contribute to the polymer reinforcement.



The mechanical properties of PLLA 38 and PLLA 24 films are summarized in Table 1; Table 2, respectively, and their stress–strain curves are presented in Figure 2. The modulus and the strength of the PLLA 38 films was considerably improved as the nanotube concentrations increased. On the other hand, the elongation and toughness (area under the stress–strain curve) showed the largest improvement around 0.5 wt % INT (the same as for carbon nanotubes). In addition, the modulus and the strength of PLLA 24 films exhibited the largest improvement around 0.5 wt % nanotubes, but the elongation and toughness increased as the concentration of nanotubes increased to 0.8 wt %.



3.1. X-ray Tomographic Microscopy (Micro-XCT)


Micro-XCT analysis was performed for PLLA films with different concentrations of the nanotubes. The goal of this analysis was to understand the relationship between the dispersion of the nanotubes in the polymer matrix and the mechanical function of the nanocomposite. Alternatively, the distribution of carbon nanotubes in hydroxyapatite bioceramics was studied by 3D-microstructure reconstruction following serial sectioning and analysis [63]. Obviously, the latter method can provide more detailed microscopic information on the specimen, but is rather tedious and time consuming. The resolution of the current micro-XCT is limited to about half a μm. Therefore, the precise number of nanotubes present in each white spot could not be determined. In fact, it was not possible to judge if individual nanotubes could be resolved at all. Agglomerates of the nanotubes, which are represented as large blocks of white area, could be, nonetheless, easily scrutinized. Table 3 shows the mechanical properties of the PLLA films which were also analyzed via the micro-XCT (note that dedicated specimen was prepared for this study and the mechanical properties were somewhat different from those reported in Table 1 and Table 2 and for the same materials).



PLLA 38 film with 0.5 wt % INT–WS2 (sample 2 in Table 3 and Figure 3 and Figure S2) showed good dispersion of the nanotubes in the film with very little agglomeration, before and after the tensile test. In addition, comparing between the figures, one can notice the change in the orientation of the nanotubes due to the loading of the sample during the tensile test. For example, the surface area of the sample before the stretch was a combination of bright (nanotubes) and dark (polymer) areas (see Figure 3 and Figure S2). The bright area largely reflects the random orientation of the tubes. After the stretch, the surface area of the bright zones was reduced, especially in the middle of the sample in the head-on configuration. This effect is believed to be caused by to the alignment of the nanotubes along the loading direction, which reduces their cross-section with respect to the X-ray radiation. Note also that, due to partial precipitation of the tubes during the preparation of the film (via solvent evaporation), the bottom face (right surface at 270°) appears thicker than the top surface of the film (left).



In contrast to that, the PLLA 38 film with 1 wt % INT–WS2 (sample No. 3 in Table 3) before and after tensile test (Figures S3 and S4) showed significant agglomeration of the nanotubes and sedimentation at the bottom of the samples. The sedimentation is clearly visible by the difference in contrast between the two sides of the samples in a head-on view. The bottom bright film (left side in the 270° view) is much thicker than the upper surface film (right side in 270°). The agglomeration-sedimentation is the result of the lengthy drying process, which is required in order to get rid of the solvent. Despite the presence of the nanotubes’ agglomerates, this film showed improved mechanical properties (strength and ductility) compared with the neat PLLA and PLLA with 0.5 wt % INT–WS2. This observation shows that the agglomeration of the nanotubes can lead to partial improvements in the mechanical properties by transferring the load from the polymer matrix to the nanotubes’ agglomerates. However, it is believed that better dispersion of the nanotubes would lead to further improvement of the mechanical properties of the 1 wt % nanotube sample fulfilling the full potential of the nanotubes to reinforce the polymer matrix.



PLLA 38 film with 3 wt % INT–WS2 (sample No. 4, Table 3) before the tensile test (Figure S5) showed extensive agglomeration of the nanotubes and their sedimentation at the bottom of the film, near the surface of the Teflon plates used for the preparation of the specimen. The agglomeration in this sample explains the premature failure of the film in this concentration by reducing the ductility and toughness compared to the specimen with lower concentrations of the nanotubes. In addition, the surface of this sample was decorated by lines in the film at 180° projection (see Figure 4). These lines are believed to emanate from the inadequate polishing of the Teflon plates’ surface. These trenches prevented transfer of the load from the polymer matrix to the nanotubes’ agglomerates uniformly along the specimen.



Micro-XCT analysis was also performed on PLLA 24 films. This analysis was intended to compare the nanotubes distribution in the specimens exhibiting both very good and pretty bad mechanical properties. For instance, two samples were selected for this comparison and their mechanical properties are also reported in Table 3. First, the micro-XCT analysis showed a big improvement in the dispersion of the nanotubes in PLLA 24 (Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8) compared with PLLA 38 (Figure 3 and Figures S2–S5).



The Micro-XCT analysis of PLLA 24 films with 0.5 wt % INT–WS2 with long extension (75%) before and after tensile test are shown in Figure 4; Figure 5. Indeed, the nanotubes exhibited a very good dispersion in the film with a smooth surface and homogeneous thickness. The even distribution of the nanotubes prevented weak links, which helped the sample to achieve longer extension by dividing the load uniformly along its entire length.



In contrast to that, the results for PLLA 24 film with 0.5 wt % INT–WS2 (No. 7) with short extension (3.2%) before and after tensile test are shown in Figure 6; Figure 7. The agglomeration of nanotubes led to their partial precipitation during the drying of the specimen and their sedimentation at the bottom of the film, which resulted in a rough surface and homogeneous thickness and can be clearly observed in 90° and 270° in Figure 7. The appearance of protrusions at the surface made it highly non-uniform and produced weak links and poor mechanical behavior for this specimen. The Micro-XCT analysis can also show the cross-section across the sample in all three planes. From this analysis (Figure 8), the bulges at the surface appeared to be placed above a nanotubes’ agglomerate which precipitated at the bottom of the sample. Therefore, the nanotubes’ agglomerate was a failure point (weak link) in the matrix, which prevented uniform evaporation of the solvent, and eventually caused roughening of the surface.




3.2. Functionalization of the INT-WS2


Occasionally, SEM analysis of the cross-section of the PLLA matrix with nanotubes dispersed therein, after breaking the specimen in liquid nitrogen, were carried out. As shown in Figure 9, circles around the nanotubes were observed, representing breaking points. This phenomenon indicates the relatively poor adhesive forces between the nanotubes and the polymers. These observations suggested that functionalization of the nanotubes surface could be useful for enhancing their binding to the polymer matrix.



Functionalization of INT–WS2 with PEI (Polyethylenimine)


The PEI-treated nanotubes could not be dispersed in the solvent (DCM). Hence, this solvent was replaced by chloroform in these experiments. Fortunately, the PEI dissolves in chloroform very well making it suitable for the present experiments. Table 4 shows the mechanical properties of a PLLA 24 film reinforced by neat and PEI-treated nanotubes. The blank samples showed high values of elongation, which indicated that the chloroform solvent was not fully evaporated from the matrix. This result should be compared to the DCM solvent, which was fully evaporated from the polymer matrix after one week of vacuum annealing (see Figure S1). The PLLA 24 compounded with untreated nanotubes exhibited slight improvements in the mechanical properties compared with the neat polymer. The PEI-treated nanotubes showed further improvements in the mechanical properties, especially around 0.5 wt % INT–WS2 (up to 165% improvement compared with neat nanotubes). Therefore, one can conclude that the PEI functionalization increased the polymer-nanotubes interfacial interaction. However, no improvement was recorded for the 0.25 wt % INT–WS2 compared to the blank polymer. This observation entails that the functionalization of the nanotubes with PEI did not contribute much to the adhesion between the PEI-treated nanotubes in low weight percentage.



Further experiments with nanotubes functionalized with NMP (n-methyl-2-pyrrolidone) and PEG (polyethylene glycol) are described in the Supplementary Materials sections S3.2.2 and S3.2.3, Table S1, Table S2 and Figure S6.





3.3. Differential Scanning Calorimetry (DSC)


The Tg, Tcc, Tm ΔHcc, and ΔHm were calculated from the DSC heating curves (see Supplementary Materials Figure S7). Tc and ΔHc were obtained from the cooling curves.



Table 5 shows the degree of crystallinity as well as the glass transition temperature of pristine PLLA 24 films and films with 0.5 wt % INT–WS2 immediately after preparation and after a year. The neat PLLA 24 presented a very low degree of crystallinity (1.6% heating; 2.1% cooling), which could be attributed to the preparation processing, i.e., solvent casting and vacuum annealing at 30 °C. The low value of crystallinity remained virtually unchanged after one year. In contrast, the PLLA 24 film containing 0.5 wt % INT–WS2 presented a relatively high value of crystallinity (37.4% heating and 32.9% cooling). After one year, the specimen with the nanotubes showed a ~20% drop in crystallinity. It can be concluded, therefore, that the nanotubes function as a promoter for nucleation and crystallization in the polymer matrix [50]. In addition, the crystallinity suffers mild depreciation after a delay of one year (~20%), which entail that the nanotubes function also as inhibitor for the PLLA degradation.




3.4. X-ray Diffraction


XRD analysis of PLLA 38 is shown in Figure S8A–C for three specimens, respectively: Film of the neat polymer (blank), film with 1 wt % INT–WS2, and PLLA 38 wires with 1 wt % INT–WS2. Samples A and B were prepared by solvent casting and sample C was produced by extrusion. The XRD patterns of the samples B and C show an additional (002) peak of WS2 nanotubes at about 14.4 degrees. One can conclude that, the crystallinity of the polymer was not influenced by the addition of the nanotubes, verified by comparing Sample A (neat polymer) and sample B (polymer with the nanotubes). Not surprisingly, the extruded wire (sample C) showed the highest and the narrowest FWHM of the 16.5° PLLA peak, and negligible intensity for the other PLLA peaks [64]. This observation suggests that the polymer in the extruded wire has a preferred orientation. Due to the texture in sample C, it is not possible to compare its degree of crystallinity with the other samples (A and B). Figure S9 displays the XRD pattern of the two samples presented in Figure S8A,B but in a higher-resolution scanning mode. This result shows a decreasing intensity of the spectrum profile at angles between 5° and 25° for the sample with INT–WS2 in comparison with the neat polymer (PLLA 38). This reduction is attributed to the lower irradiation volume (lower X-ray penetration depth) in the sample with INT–WS2 (tungsten has much higher X-ray absorption coefficient than the light elements of the polymer). The degree of crystallinity of samples A and B was calculated by comparing the total area under all the crystal peaks and the area under the amorphous halo. This calculation shows that the crystallinity of the neat PLLA 38 was about 60%, while the PLLA 38 with 1 wt % INT–WS2 had a crystallinity of about 70%. Thus, the nanotubes induced increased crystallinity of the polymer but the error range for the XRD of all the samples was too large to make a definite conclusion regarding the influence of the nanotubes on the PLLA crystallinity, an effect which has to be further studied in the future.



Another XRD analysis was performed with the neat PLLA 24 film and one with 0.5 wt % INT immediately after fabrication and one year later (kept in a desiccator). The black curve (Figure S10) shows the XRD pattern of the PLLA 24 specimen with nanotubes immediately after preparation. The same sample one year later was examined by XRD (blue and purple curves). The sample was exposed to the XRD radiation from both sides. It appears that the two faces of the specimen exhibited a similar XRD pattern for the PLLA 24 peaks (16.5°, 18°, and 22°) and did not vary compared with the sample analyzed immediately after fabrication (black curve). The blank sample (not shown) did not reveal any degradation in its crystallinity after one year in desiccator, either. One can therefore conclude that the PLLA 24 fabricated by casting a film from DCM is stable for at least one year under the vacuum conditions of the desiccator (blue and purple curves). Interestingly though, the two sides of the samples showed different signal, with the back surface (blue curve) showing higher intensity of the 14.4° signal than the front surface (purple curve). This result is consistent with the Micro-XCT analysis, which clearly showed partial sedimentation of the nanotubes during the evaporation of the solvent.




3.5. Rheological Characterization


Rheological measurements were performed with neat PLLA and PLLA with 0.5 wt % INT–WS2 samples in order to study the influence of the nanotubes on the polymer matrix. Figure 10 shows the variation of the storage (G′) and loss (G″) moduli and complex viscosity (η*) vs. sweep frequency for the samples. The storage and the loss moduli increased as a function of the frequency, which indicate that the polymer chains are fully relaxed and the polymer is in its rubbery zone. The complex viscosity decreased as a function of the frequency showing typical non-Newtonian shear thinning viscosity [65] behavior in which the complex viscosity decreased linearly with logarithmic increase of the angular frequency. The addition of the nanotubes to the polymer matrix did not lead to significant changes in the results.



It is well accepted that addition of even small amounts of carbon nanotubes to polymers increases the static and the dynamic viscosities as well as the storage and loss moduli of the nanocomposite considerably [66,67]. Conversely, the WS2 nanotubes exhibit little tendency to agglomerate and their influence on the rheological properties of the nanocomposites is very minor, if any. This effect can be attributed to the preferable lubricating behavior of these nanotubes, which also affect low drag on the nearby fluid molecules. These characteristics have important ramifications on the dispersion of the WS2 nanotubes in the polymer matrix and the future manufacturing processes of such nanocomposites.




3.6. Friction Coefficient


The cylindrical structure of INT–WS2 (and the quasi-spherical structure of the fullerene-like WS2 nanoparticles–IF–WS2) suggested that they can roll under the combined action of shear and load. This hypothesis was confirmed through a long series of experiments [68]. Indeed, the IF nanoparticles are commercially used as superior solid lubricants for a variety of tribological applications and also for polymer reinforcement. However, measurements done with native PLLA samples containing the nanotubes (without any surface treatment or run-in procedure) did not show any improvement compared with the neat polymer samples. Running-in the sample 20 times back and forth, or rubbing the surface with SiC paper, had a major influence with precipitous reduction of the friction coefficient for samples containing the nanotubes as shown in Table 6.



The static (s) and kinetic friction (k) of the PLLA 24 films show a major reduction in the friction of the films with the nanotubes compared to the blank (PLLA 24 film). The rubbing of the sample with SiC paper led to a wear and partial release of the nanotubes buried in the polymer matrix under the surface. Therefore, the rubbed specimen exhibited a larger reduction in the friction values compared to the samples run 20 times back and forth (run-in). Quantitatively, the static friction was reduced 3 times and the kinetic friction 7.5 times, compared with neat PLLA films for samples rubbed 5 times with SiC 150 grit. After running five times on 1200 SiC paper, the static friction was reduced 3.7 times and only 5.7 times for the kinetic friction.




3.7. Friction Force


The normalized average traction force for uncoated and polymer coated stainless-steel (SS) rods were tested with a setup used previously as a mock-up for friction measurements of urological devices (UM model) [31,32] (Figure S11) and are summarized in Table 7. The coatings (of the SS rod) were prepared from different neat polymers and those containing 0.5 wt % INT–WS2. Measurements were carried out in both dry and wet (water) conditions. The coatings of the rods were made by dip coatings. A very thin coating film (50–100 µm) was obtained, which allows one to see right away the tribological effects of the nanotubes impregnated in the thin polymer’s coatings, without any run-in or rubbing procedure. Friction measurements in wet (water) conditions were measured to simulate more closely in vivo tests.



The favorable effect of the nanotubes on the friction is obvious in all cases. Also, in all cases, the wet friction was smaller than under dry conditions (excluding the case of the PLLA 24 blank). Importantly, the polymer coating containing the nanotubes exhibit smaller friction than the SS rod (8 mm), although the coated rod is thicker (on the average 8.1 mm). The nanotubes have the smallest effect on PDLLA, which is amorphous.




3.8. Raman Spectroscopy


The Raman spectrum of PLA, including PLLA, was studied before [69,70]. The Raman spectrum of INT–WS2 has been reported in several studies, see Reference [71]. Raman spectra of PLLA 24 films in three different situations (natural, partially stretched, and fully stretched (close to the fracture)) is displayed in Figure S12. The Raman spectra does not vary upon stretching and hence provides no evidence for any change in the composition and crystallinity of the specimen due to the stretching. The remainder of the results of the Raman spectroscopy of the present PLLA films can be found in the Supplementary Materials.



Figure S13 shows the Raman spectra of the different PLLA 24 samples. Furthermore, Raman mapping of the PLLA 24 with 0.5wt % INT–WS2 before tensile test (see Table 3 sample No. 6) is shown for four peaks: 350 (red—nanotubes), 700 (yellow—dicholoromethane), 820 (blue—monomers of lactic acid), and 923 (green—semicrystalline PLLA) cm−1 are displayed in Figure 11. The intensity mapping for nanotubes of WS2 (350 cm−1) and for semicrystalline PLLA (973 cm-1) showed correlation in the intensity maps for these two components and good compatibility between them. In addition, the intensities of the band lines at 700 and 820 cm−1 associated with the presence of residual DCM solvent molecules [72] and monomers of lactic acid [73], were highly correlated. This result could suggest that the presence of solvent molecules residues prevented the completion of the polymerization of the lactic acid monomers.



Raman mapping of the stretched PLLA 24 + INT indicated no monomer residues (not shown) left in the nanocomposite after the failure. The absence of the solvent moieties can be attributed to the weaker signal from the distorted sample, or perhaps to a solvent evaporation resulting from the thermal energy dissipated in the stretching of the specimen.



The reinforcement mechanisms of polymer matrices with nanoparticles fillers have been studied extensively, see for example References [74,75,76,77]. Clearly, the dispersion of the nanotubes (nanoparticles) in the polymer matrix is a prime factor. For that to be accomplished, the nanotubes must be deagglomerated in the solvent (for the casting process). Fortunately, the adhesion forces between the WS2 nanotubes are not prohibitive for facile dispersion. Hence, mild combination of mechanical grinding and light ultrasonic treatment, which induce little damage and do not lead to shortening of the WS2 nanotubes, is adequate. Being good lubricants, the nanotubes mix very well in the solvent–polymer blend and, consequently, their mixing does not require a large investment of mechanical shear. Fortunately, this behavior is not limited to the present casting process. The minimal increase in the viscosity often leads to facile blending of the nanotubes in different polymer matrices. The role of the interfacial interaction between the nanotube (nanoparticle) and the polymer matrix has been discussed extensively [74]. Surface modifications were shown to enhance the stress transfer from the polymer matrix to carbon nanotubes, improving thereby the mechanical properties of the nanocomposite [74]. The strength of the multiwall WS2 nanotubes >16 GPa [28] is at least two orders of magnitude larger than the PLLA matrix, and hence, they are not likely to easily break at the failure point. Therefore, a pulling-out mechanism is more likely to occur in this case. The large strain of the nanotubes (>10%) [28,78,79] enables them to extend without failure during the loading, also contributing to the increased elongation (increased fracture toughness) of the nanocomposite. The specific gravity of the nanotubes is rather high (>5 g/cm3). Therefore, the atomic concentration of the nanotubes is rather low <0.3 at %. However, the long evaporation time of the solvent during casting allowed the nanotubes to precipitate, thereby compromising their uniform distribution in the solidified matrix. Obviously, the nucleation of PLLA crystallites during the solvent evaporation was a prime factor in enhancing the mechanical properties of the polymer matrix. This study, together with the fact that these nanotubes are found to exhibit minor toxicity [34,35,36,37,38], opens up several opportunities to further explore these nanocomposites for different applications.





4. Conclusions


In conclusion, the effect of adding different concentrations of WS2 nanotubes on the mechanical properties of biodegradable polymers was studied. The mechanical properties of PLLA with different weight percentage of INT–WS2 showed a large improvement as the weight percent increased to 0.5 wt % but were reduced beyond this concentration. The micro-XCT of PLLA with nanotubes showed clear evidence for the influence of the nanotubes’ dispersion on the mechanical properties of the nanocomposite. Two kinds of friction tests were performed with the polymers showing large reduction of the friction of the polymers upon composing them with the nanotubes. Rheological measurements show that, in contrast to other nano-fillers, the nanotubes have no adverse influence on the viscosity and the moduli of the polymer matrix, and this could be an advantage in the manufacturing process of this nanocomposites. Raman analysis shows some changes in the composite of the PLLA matrix due to the addition of the nanotubes and stretching of the nanocomposite. Also, there is no interference with adhesion between the nanotubes and the polymer matrix and the residues of the solvent prevent of the polymer from polymerization. The DSC analysis showed that the nanotubes induce higher crystallinity in the PLLA, likely due to their serving as nucleation center. Raman and XRD measurements confirm that the PLLA is semi-crystalline. However, minor amounts of lactic acid monomer and solvent molecules were found in the polymer matrix. The present results suggest various applications of this nanocomposite, primarily in medical technologies.
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Figure 1. High-resolution scanning electron microscopy (HRSEM) images of the cross-section: (A) poly(l-lactic acid) (PLLA) 24 with 0.5 wt % inorganic nanotube (INT)–WS2 film, (B) PLLA 38 with 0.5 wt % INT–WS2 film; the WS2 nanotubes are encircled by red color. 
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Figure 2. Stress–strain curves of PLLA 38 (A) and PLLA 24 (B) films with different weight percentage of INT–WS2 with error bars. The results for each specimen represent an average value of five samples. 
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Figure 3. Images obtained by revolving the film in 360° (sample No. 2 in Table 3) obtained with micro-XCT before tensile test. Please note that the pictures are shown in 3D perspective. Consequently, the thickness of the surface layer enriched with nanotubes is largely exaggerated. However, the difference between the top (thin) and bottom (thick) layer enriched with agglomerated nanotubes is clearly visible. 
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Figure 4. Images from the 360° projection obtained with the micro-XCT of PLLA 24 film with 0.5 wt % INT–WS2 (sample No. 6 in Table 3). This sample exhibited a long extension (75%), the reported analysis was done before the tensile test. The stripes visible in 180° projection were the result of the surface modulation of the Teflon container used for the preparation of the specimen. 
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Figure 5. Images from the 360° video in the micro-XCT of PLLA 24 film with 0.5 wt % INT–WS2 (sample No. 6 in Table 3) with long extension after the tensile test. Shear bands of the strained sample are clearly visible at 0° and 180°. The thickness of the strained sample visible at 90° and 270° are appreciably smaller than those in Figure 4 (before straining). 
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Figure 6. Images from the 360° video in the micro-XCT of PLLA 24 film with 0.5 wt % INT-WS2 (sample No. 7 in Table 3) with short extension before the tensile test. The stripes visible in 0° are obtained by the surface modulation of the Teflon container used for the preparation of the specimen. 
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Figure 7. Images from the 360° video in the micro-XCT of PLLA 24 film with 0.5 wt % INT–WS2 (sample No. 7 in Table 3) with short extension after the tensile test. The stripes visible in 0° are obtained by the surface modulation of the Teflon container used for the preparation of the specimen. 
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Figure 8. Images from the YZ slicing of the micro-XCT video of PLLA 24 film with 0.5 wt % INT–WS2 (No. 7 in Table 3) with short extension before the tensile test. The white contrast is produced by the X-ray absorption of the nanotubes in the PLLA polymer. 
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Figure 9. SEM image of the cross-section of PLLA 24 film with 0.5 wt % INT–WS2 after breaking of the specimen immersed in liquid nitrogen. 
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Figure 10. The complex viscosity (η*), the storage modulus (G′), and loss modulus (G″) vs. frequency for PLLA film and PLLA films with 0.5 wt % INT–WS2 at 185 °C. 
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Figure 11. Raman intensity mapping of PLLA 24 film with 0.5 wt % before the (natural) tensile test. Intensity mapping at the same area (5 µm × 5 µm) for INT–WS2 (at 350 cm−1—red), for DCM (at 700 cm−1—yellow), for monomers of lactic acid (at 820 cm−1—blue), and for PLLA semicrystalline (at 923 cm−1—green). 
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Table 1. Mechanical properties of PLLA 38 films.






Table 1. Mechanical properties of PLLA 38 films.





	Sample
	Modulus

(GPa)
	Yield Strength

(MPa)
	Elongation

(%)
	Toughness

(MPa*%)
	Thickness

(mm)





	PLLA 38 film
	1.6 ± 0.1
	26.6 ± 1.5
	3.2 ± 0.4
	0.6 ± 0.1
	0.15 ± 0.1



	PLLA 38 film with 0.25 wt % INT–WS2
	1.8 ± 0.02
	29.7 ± 1.2
	2.9 ± 0.3
	0.6 ± 0.1
	0.12 ± 0.1



	PLLA 38 film with 0.4 wt % INT–WS2
	1.9 ± 0.1
	39.5 ± 2.0
	5.4 ± 0.7
	1.5 ± 0.2
	0.11 ± 0.1



	PLLA 38 film with 0.7 wt % INT–WS2
	2.4 ± 0.1
	46.1 ± 1.5
	3.7 ± 0.5
	1.1 ± 0.2
	0.10 ± 0.1
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Table 2. Mechanical properties of PLLA 24 films.






Table 2. Mechanical properties of PLLA 24 films.





	Sample
	Modulus

(GPa)
	Yield Strength

(MPa)
	Elongation

(%)
	Toughness

(MPa*%)
	Thickness

(mm)





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



	PLLA 24 film with 0.25 wt % INT–WS2
	1.8 ± 0.05
	41.5 ± 1.4
	8.1 ± 1.5
	2.0 ± 0.4
	0.11 ± 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
	0.10 ± 0.1



	PLLA 24 film with 0.8 wt % INT–WS2
	2.2 ± 0.2
	43.7 ± 3.5
	10.3 ± 2.4
	3.8 ± 1.2
	0.10 ± 0.1
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Table 3. Mechanical properties of PLLA films measured in micro-XCT analysis (the blank films are added for reference only).
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	Number
	Sample
	Modulus

(GPa)
	Yield Strength

(MPa)
	Elongation

(%)
	Toughness

(MPa*%)
	Thickness

(mm)





	1
	PLLA 38 film
	1.6 ± 0.1
	26.6 ± 1.5
	3.2 ± 0.4
	0.6 ± 0.1
	0.15 ± 0.1



	2
	PLLA 38 film with 0.5 wt % INT–WS2
	2.4
	49.3
	14.0
	6.1
	0.14



	3
	PLLA 38 film with 1 wt % INT–WS2
	4.0
	68.25
	29.8
	20.0
	0.11



	4
	PLLA 38 film with 3 wt % INT–WS2
	3.4
	57.4
	11.7
	4.9
	0.13



	5
	PLLA 24 film
	1.4 ± 0.05
	22.0 ± 4.1
	3.5 ± 0.6
	1.2 ± 0.3
	0.14 ± 0.1



	6
	PLLA 24 film with 0.5 wt % INT–WS2
	2.4
	60.7
	75.7
	40.5
	0.12



	7
	PLLA 24 film with 0.5 wt % INT–WS2
	2.0
	40.7
	3.2
	1.0
	0.13
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Table 4. Mechanical properties of PLLA 24 film (solvent: chloroform) with neat nanotubes and PEI-treated nanotubes.
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	Sample
	Modulus

(GPa)
	Yield Strength

(MPa)
	Elongation

(%)
	Toughness

(MPa*%)
	Thickness

(mm)





	PLLA 24 film
	1.2 ± 0.1
	22.0 ± 1.7
	14.9 ± 6.7
	1.5 ± 0.7
	0.14 ± 0.1



	PLLA 24 film with 0.5 wt % INT–WS2
	1.6 ± 0.1
	31.5 ± 0.7
	9.2 ± 1.4
	2.3 ± 0.4
	0.1 ± 0.1



	PLLA 24 film
	2.1 ± 0.3
	39.0 ± 3.0
	26.6 ± 6.2
	9.2 ± 2.2
	0.12 ± 0.1



	PLLA 24 film with 0.25 wt % INT–WS2 after functionalized with PEI
	1.2 ± 0.1
	24.6 ± 3.0
	58.3 ± 44.2
	14.0 ± 12.0
	0.14 ± 0.1



	PLLA 24 film with 0.5 wt % INT–WS2 after functionalized with PEI
	2.65 ± 0.2
	47.3 ± 3.8
	41.5 ± 29.5
	16.3 ± 13.5
	0.09 ± 0.1



	PLLA 24 film with 1 wt % INT–WS2 after functionalized with PEI
	2.15 ± 0.2
	39.4 ± 1.9
	15.1 ± 16.6
	4.4 ± 5.35
	0.1 ± 0.1
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Table 5. DSC parameters of PLLA 24 and PLLA with 0.5 wt % INT–WS2 films. (A) immediately after preparation and (B) after one year.
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Sample

	
Tg (°C)

	
Tcc (°C)

	
ΔHcc (J/g)

	
Tm (°C)

	
ΔHm (J/g)

	
Tc (°C)

	
ΔHc (J/g)

	
Xc (%)

	
(1 − λ)c (%)






	
A

	
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




	
B

	
PLLA 24

	
61.8 ± 0.3

	
114.6 ± 0.6

	
38.9 ± 3.4

	
178.8 ± 0.5

	
39.2 ± 3.4

	
101.8 ± 0.2

	
2.2 ± 0.4

	
0.3 ± 0.01

	
2.4 ± 0.4




	
PLLA 24 with 0.5 wt % INT-WS2

	
62.2 ± 0.2

	
100.4 ± 0.8

	
6.7 ± 2.2

	
178.8 ± 0.4

	
35.4 ± 0.8

	
100.3 ± 0.2

	
23.9 ± 1.2

	
30.9 ± 2.5

	
25.6 ± 1.3
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Table 6. Friction coefficients of PLLA 24 films: µs, static friction; µk, kinetic friction.
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Type of Test

	
PLLA 24 Film

	
PLLA 24 Film with 0.5wt % INT–WS2




	
µs

	
µk

	
µs

	
µk






	
Run 20 times on steel plate

	
0.2 ± 0.01

	
0.19 ± 0.01

	
0.06 ± 0.01

	
0.03 ± 0.01




	
After 5 (run-in) runs on 1200 SiC paper

	
0.21 ± 0.01

	
0.18 ± 0.02

	
0.07 ± 0.05

	
0.03 ± 0.01




	
After run 5 times on 150 SiC paper

	
0.24 ± 0.02

	
0.21 ± 0.01

	
0.06 ± 0.01

	
0.03 ± 0.01











[image: Table]





Table 7. Normalized traction force of the lead from the urethra model (UM) [31,32] with different polymers. Blank—polymer without nanotubes. Each number in the table represents an average of three measurements in dry and wet conditions.
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Sample

	
PLLA 38

	
PLLA 24

	
PLLA

(2.1 dL/g)

	
PDLLA

(0.55 dL/g)

	
PDLGA 50/50

(0.4 dL/g)




	
Dry

	
Wet

	
Dry

	
Wet

	
Dry

	
Wet

	
Dry

	
Wet

	
Dry

	
Wet






	
SS rod

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00




	
Blank

	
1.73

	
1.73

	
1.75

	
2.66

	
1.42

	
1.41

	
1.57

	
1.38

	
1.47

	
1.30




	
0.5 wt % INT–WS2

	
0.27

	
0.23

	
0.43

	
0.35

	
0.31

	
0.09

	
1.29

	
1.03

	
1.26

	
0.43
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