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Abstract
In view of wide-ranging application to the biomedical field, this work investigates the mechanical and electrical proper-
ties of a composite made of Single Wall Carbon Nanotubes (SWCNT) bundles self-grafted onto a poly-dimethyl-siloxane 
(PDMS) elastomer, particularly Sylgard 184, that has well assessed biocompatible properties and is commonly used in 
prosthetics. Due to the potential risks associated with the use of carbon nanostructures in implanted devices, we also 
assess the viability of cells directly grown on such composite substrates. Furthermore, as the stability of conductive, 
stretchable devices made of such composite is also crucial to their use in the medical field, we investigate, by different 
experimental techniques, the grafting of SWCNT bundles deep into PDMS films. Our findings prove that penetration of 
SWCNT bundles into the polymer bulk depends on heating time and carbon nanotubes can be seen beyond 150 μm from 
the surface. This is confirmed by direct electron microscopy observation of large bundles as deep as about 20 μm. The 
composites exhibit reliable mechanical and electrical responses that are more suitable to large and repeated deformation of 
the polymer with respect to thermoplastic based composites, suggesting a wide potential for their application to stretchable 
biomedical devices. Aiming at the proposed application of artificial bladders, a bladder prototype made of poly-dimethyl 
siloxane endowed with a printed SWCNT-based strain sensor was developed.

Keywords  Carbon nanotubes · Polymer composites · Self-assembly · Stretchable sensors · Stretchable conductors · 
Artificial bladder
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1  Introduction

The surging interest in stretchable conductive composite 
materials, adaptable to a wide spectrum of applications, has 
fostered the need for investigation into scalable fabrication 
techniques and specifically tuned geometric structures [1–
3]. The combination of carbon nanotubes’ conductivity and 
robustness with the viscoelastic properties of polymer films, 
particularly their stretchability, has given rise to a promising 
category of composite materials [4–17]. These composites, 
particularly those obtained by self-grafting of SWCNT on 
polymeric films, hold the potential of a cost-effective, con-
ductive, elastic, mouldable, and patternable solution.

However, aiming at safe and reliable medical devices, the 
selection of polymers tailored to specific application (which 
could be more or less elastic/plastic, harder or softer, more 
or less conductive etc.) implies targeted studies of the pen-
etration depth and rooting of the carbon nanotubes (CNT) 
intricate bundles self-grafted on the polymer film and inter-
twined with its macromolecular chains. Although several 
classical molecular dynamics simulation studies supplied 
very valuable information on the interactions at the level of 
single polymer chain with short sections of single nanotubes 
[18–20], the practical and exceedingly complex problem of 
the interaction of nanotube large and heterogeneous bundles 
with a bath of polymer chains remains computationally unat-
tainable, and so far, it can only be tackled experimentally.

Recent advancement in the field of composite materials 
have been focused on the development of stretchable and 
flexible materials equipped with custom electrical proper-
ties [21, 22]. The electrical conductivity of these materials 
is directly influenced by the conductive component con-
centration, which can be tailored to make it more or less 
responsive to strain, to fabricate strain sensors with vary-
ing sensitivities [23]. Several established techniques are 
commonly employed for the analysis of these composites, 
such as Scanning Electron Microscopy (SEM) and Confo-
cal Raman Spectroscopy, used for localized surface analy-
ses and for bulk compositional investigation respectively. 
Moreover, the electro-mechanical characterization of the 
composite is necessary to tune the properties of the fabri-
cated composite on the specific application.

In our prior research, we introduced a novel composite 
material comprising SWCNT self-grafted and embedded in 
poly-ethylene films [24, 25]. This unique combination har-
nessed the thermoplastic properties of the polymer while 
leveraging the conductive and elastic attributes of CNT 
bundles. Such properties were used to realize arrays of sub-
millimetre conductive tracks on poly-ethylene films. These 
tracks could be stretched, shaped, and even implanted onto 
the brain cortex of laboratory rats, allowing for successful 

and consistent probe of their electro-corticogram signals 
over the course of several months [25].

Extension of self-grafting of carbon nanotubes to ther-
mosetting elastomers was also recently investigated in our 
group [26] to broaden the application area of such compos-
ites. This composite material could be built onto specific 
locations of artificial, fully biocompatible polymeric pros-
theses, to allow continuous monitoring of their state via 
measurement of extension, based on electrical resistance 
variation or, possibly, of electrical conductivity of the flu-
ids therein exploiting the built-in composite as electrodes 
of high specific surface. Artificial bladder models are a first 
step toward the development of organs that need electrical 
signal transduction.

These achievements mark significant progress in the 
development of composite materials that bridge the areas of 
flexibility, electrical conduction, and biocompatibility. The 
potential application of such materials range from advanced 
medical devices to novel sensor technologies. As research in 
this field continues to advance, we can anticipate even more 
exciting breakthroughs that will shape the future of flexible 
and tuneable materials.

2  Materials and methods

2.1  Sylgard 184 PDMS film preparation

SYLGARD 184 silicone elastomer films were obtained 
by mixing base and curing agent (purchased by Sigma-
Aldrich) in a ratio of 10 parts base to 1 part curing agent, 
by weight. After gentle mixing with a glass rod, the pressure 
was reduced to 5 mbar and kept for 30 min to ensure the 
degassing of the mixture. Afterwards, the silicone elasto-
mer mixing was dropped on laboratory weighing boats in 
the minimum amount to ensure the complete covering of the 
surface and placed in an oven at 70 °C for 4 h (or at 100 °C 
for 2 h) to allow the film curing.

Through the procedure described, colorless and fully 
transparent films were obtained, their thickness ranging 
from 100 to 700 μm.

2.2  Composites preparation

In general, composite achievement by self-grafting is 
obtained by drop-casting a SWCNT suspension on the 
polymer substrate. The suspension was obtained by mix-
ing 10 mg of SWCNT in a 10 mL water: ethanol 70:30% 
v/v mother solution containing 0.1 mg of surfactant, linear 
alkylbenzene sulphonate (LAS); this was then sonicated 
by a 4-hour treatment with an ultrasonic probe disintegra-
tor (Fisher scientific Sonic Dismembrator) to obtain a more 
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uniform dispersion of the nanotube bundles. The obtained 
suspension was kept into a bath sonicator and further diluted 
in a 1:1 ratio in ethanol to obtain the usable suspension.

Composite specimen tracks of rectangular shape, of 
suitable dimension (20–30  mm long, 2–5  mm wide and 
0,3 − 0,7  mm thick), have been prepared via the follow-
ing procedure: the Sylgard film substrate was very slightly 
(< 1%) stretched on the round wall of a bulk aluminium cyl-
inder and fixed by adhesive tape at its ends. A polymeric 
mask was also stretched over the Sylgard on the drum, so 
that the mask was forced to perfectly adhere to the poly-
meric substrate. Along the axis of the drum an electrical 
heater was inserted to allow for adjustment of the Sylgard 
film temperature. A Chromel-Alumel 0.5  mm diameter, 
stainless steel armoured thermocouple was inserted in a 
0.6 mm diameter bore just below the drum wall surface to 
control and measure the temperature at which deposition 
was made and the subsequent heating below the melting 
point of the Sylgard substrate. While the temperature was 
kept between 80 °C and 90 °C by a Eurotherm mod. Zx con-
troller, the nanotubes suspension was manually cast through 
the syringe needle in between the edges of the mask. At this 
temperature the solvent evaporates quickly leaving a brown/
black and homogeneous deposit on the Sylgard surface. 
The temperature was then raised to 160 °C, well below the 
200 °C threshold of loss of the mechanical properties of the 
elastomer [27] and maintained for a few minutes; the drum 
was then cooled to room temperature and the CNT track was 
manually brushed to remove non-adhering flakes.

When the CNT layer appeared uniformly black and flat, 
the mask was carefully removed from the drum and the 
tracks were analysed. The described deposition technique 
is simpler and more economic than other methods experi-
mented to have a uniform CNT coating for large areas [28].

2.3  Electron microscopy characterization

SEM micrographs were obtained by a Tescan GAIA (3rd 
Series) electron microscope. Secondary electron images 
were collected in high-vacuum condition and with beam 
energy of 2 kV selecting the best trade-off in terms of elec-
tron penetration and image spatial resolution. To properly 
investigate the interface between SWCNTs and the poly-
mers, sections of the composite films were analysed. Clean 
sections were obtained by soaking the silicone specimens in 
liquid nitrogen and fracturing them at the desired position 
with the aid of a sharp lancet.

The samples were observed by tilting the SEM stage up 
to 70° aiming at the best orientation compromise to observe 
both the surface with its edge and the section showing the 
interface layer between the CNT and the polymers, obtain-
ing the micrographs reported in Fig. 1.

2.4  MicroRaman composition mapping

To investigate the different CNT penetration depths, speci-
mens were analysed by Confocal Raman Spectroscopy 
using a Horiba Xplora Plus instrument. Measurements used 
a 50X objective, laser wavelength 638 nm, grating 1200 gr/
mm and were extended in the spectral range from 60 cm− 1 
to 3200 cm− 1. In particular, the inelastic Raman scattering 
signal was recorded while scanning the laser focal region 
along the z axis perpendicular to the sample surface: the 
decrease of the SWCNT Raman G band (1580–1600 cm− 1) 
intensity allows to evaluate their penetration depth. This is 
possible due to the high transparency of the polymer and 
to a careful choice of the region to be investigated, which 
must have a fairly low density of carbon nanotube bundles 
in order to cause negligible absorption of the laser beam.

We have not considered the D/G band ratio due to the 
unknown amount of graphite, amorphous carbon and defec-
tive nanotubes in our as grown CNT bundles.

Fig. 1  SEM investigation of 
SWCNT penetration in the 
PDMS film by observation of the 
specimens’ section obtained by 
film fracture at 77 K
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seeded into a 12 multi-well plate, containing Sylgard sam-
ples with or without nanotubes, for 24 h. Then, the medium 
was removed and Sylgard samples were transferred into 
a new 12 multi-well plate, allowing the evaluation of cell 
viability of those cells that adhere to the Sylgard sample 
and not to the plate. Subsequently, cells were incubated for 
3 h at 37 °C with 5 mg/mL of MTT. After 3 h, a solution of 
0.04–0.1 N HCl in isopropanol (Sigma Aldrich, Saint Louis, 
MO, USA) was added and the production of Formazan (a 
standard artificial dye used for histochemical analyses) was 
assessed by measuring the absorbance at 570 nm.

3  Results and discussion

3.1  Characterization of the SWCNT/PDMS 
composite

Safe exploiting of the electrical conduction of the SWCNT 
together with the mechanical properties of our elastomer 
in medical devices, implies a good knowledge of the self-
grafted nanotubes layer morphology as well as the distribu-
tion of nanotube bundles that spontaneously “root” into the 
polymer surface and drift inside the polymer bulk.

3.1.1  SEM characterization

SEM characterization of the film section of the SWCNT 
was carried out to analyse the concentration gradient in the 
PDMS matrix along the direction perpendicular to the poly-
mer film surface. Figure 1 reports details of the section at 
two different magnifications. The distribution of the nano-
tube bundles and flakes at the surface of the film is inhomo-
geneous since it arises from drop casting of a non-uniform 
suspension. Consequently, the concentration of SWCNT in 
the polymer bulk is also not uniform and varies from one 
section to another. Figure 1a shows a detail of the drop cast 
SWCNT layer and of the section fracture, where one can 
see that most of the nanotube layer is completely soaked 
by the polymer. Figure 1b shows a representative example 
of the mentioned inhomogeneity in the polymer film body: 
apart from a CNT flake hanging from the surface on the sec-
tion (at the left), we see the section of a first flake about 
7–8 μm deep in the film (i.e. to the right in the figure) fol-
lowed by an approximately 50 μm long thin layer parallel 
to the surface and approximately 10 μm deep, and by a fur-
ther thicker bundle whose section extends from 12 to 18 μm 
in depth and 10 μm in length. Similar uneven distributions 
of CNT that have diffused from the surface into the bulk 
can be observed in most sections. Note that CNT bundles 
observed in the polymer bulk look very different from the 
isolated flakes deposited on the surface, as the former, like 

2.5  Electro-mechanical characterization

The electro-mechanical properties of the composite material 
were investigated through stress-strain, resistance-strain, 
and current-applied voltage cycles measurements carried 
out by an Elis Z20 Tensile Machine equipped with a high 
voltage power supply (Bertan 205 A-05R) and a digital mul-
timeter (KDM-360CTF).

2.6  Demonstration prototype

The artificial bladder prototype was fabricated using a 
two-component PDMS Silicone RPRO Tech33 (purchased 
by Reschimica, Firenze) that has physical-chemical and 
mechanical properties very similar to the Sylgard-PDMS 
analyzed previously, even though this particular Silicone 
material is not yet certified for biomedical application. This 
choice is due to the need of obtaining easy and well assessed 
detachment of the model from the fabrication support. Equal 
volumes of base and hardener were mixed and, after 10 min 
of degassing, were cast on a nearly spherical inflatable sup-
port having an approximate diameter of 10  cm. After the 
silicone polymerization, the inflatable support was extracted 
from inside the silicone model and the SWCNT strain sens-
ing conductive track was realized across a couple of copper 
foil electrodes sealed into the silicone model and emerging 
from it, following the drop casting procedure as described 
above.

The artificial bladder thus prepared was tested by fill-
ing and emptying it with water while recording the variable 
electrical resistance of a 5 mm wide, 23 mm long conduc-
tive SWCNT track.

2.7  Biocompatibility tests

2.7.1  Cell culture

The murine myoblast cell line (C2C7) was purchased from 
American Type Culture Collection (ATCC). Cells were cul-
tured in high glucose Dulbecco’s modified eagle’s medium 
(DMEM) (Thermo Scientific, Waltham, MA, USA) sup-
plemented with 20% fetal bovine serum (FBS) (Thermo 
Scientific, Waltham, MA, USA), 100 U/ml penicillin/strep-
tomycin (Thermo Scientific, Waltham, MA, USA), and were 
maintained at 37 °C in humidified air containing 5% CO2.

2.7.2  Cell viability assay

Cell viability was assessed by using the MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 
(Sigma Aldrich, Saint Louis, MO, USA), following the 
manufacturer’s protocol [29] Briefly, 8 × 104 cells/well were 
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a direct information on the penetration depth of SWCNT 
that are initially drop cast on one face of the film, and drift 
into the polymer substrate to an extent to be determined; 
this extent increases, at least for thermoplastic polymers, if 
the film is heated close to the melting temperature for some 
time after the deposition of the SWCNT suspension [31].

Figure  3a shows plots of the integral of the Raman G 
band signal of SWCNT (full squares) in the spectral win-
dow between 1500 cm− 1 and 1600 cm− 1 and of the integral 
of the 2900 cm− 1 Raman band signal of Sylgard (full trian-
gles) CH2 stretching mode, between 2800 and 3000 cm− 1. 
Measurements were performed on composite samples with 
thickness varying between 130  μm and 400  μm approxi-
mately. After drop casting of the SWCNT suspension, 
samples were heated to a maximum of 160 °C to avoid the 
damaging of the polymer structure, reported to occur above 
200 °C [32].

The spectra show that, after cooling to room temperature, 
the concentration of SWCNT is maximum at the edge of the 
film, where they are drop cast, and decreases in the Sylgard 
bulk. This measurement was repeated on samples heated for 
different times, from 30 s to 180 min. Figure 3b shows the 
SWCNT signal intensity at a depth of 25 μm (where sepa-
ration of the different curves of Fig. 3a is maximum) as a 
function of the heating time. We can see that the penetration 
depth can be extended by approximately 35–40% by heat-
ing for extended times.

The effect of heating time can be still observed at a depth 
of 100 μm and more.

It must be underlined that these data cannot be consid-
ered quantitative because of: (a) the inhomogeneous nature 
of the CNT bundles in the polymer; (b) the absorbance of 
the laser beam by such inhomogeneous distribution, which 
affects the Raman scattering signal. Furthermore, we have 
observed that the polymer substrate becomes slightly opal-
escent and less transparent with long heating times thus 
scattering part of the laser beam; this may account for the 
anomalous decrease of the polymer signal with prolonged 
heating.

Despite the described warnings, both SEM and Raman 
results are in agreement with previous work on other poly-
meric substrates [31] and describe a fully consistent picture 
of SWCNT self-grafting and deep penetration in the Sylgard 
polymer.

3.1.3  Electro-mechanical characterization

The investigation of the mechanical and electrical proper-
ties of the developed composite films is necessary in view of 
their use to develop elastic prosthetic devices endowed with 
built-in sensors and electrical connections.

most of the surface SWCNT layer, are wet and entangled in 
the polymer chains that also diffuse into the bundles. Such 
appearance has also been observed for CNT embedded in 
poly-urethane [30]. Due to such uneven distribution of the 
CNT bundles in the polymer, SEM does not appear to be 
the best technique to determine an average concentration 
gradient. Still, the important result obtained on this specific 
sample section, is that even fairly large flakes can penetrate 
at least 18 μm in the 25 μm thick film.

3.1.2  Confocal MicroRaman characterization

Further information on the self-grafting and diffusion pro-
cesses of CNT into the polymer matrix can be obtained by 
confocal micro Raman spectroscopy, exploiting the trans-
parency of the Sylgard 184 film and looking at the Raman 
spectral fingerprints of both SWCNT and Sylgard as a func-
tion of the z coordinate (perpendicular to the film surface). 
This technique therefore does not need analysis of macro-
scopically realized sections, since z direction scans can be 
performed on any suitably chosen microscopic area of the 
specimen.

Figure 2 reports the inelastic Raman spectra of the indi-
vidual components and of the composite film over the range 
60-3200 wavenumbers from the laser excitation energy. 
Since the composite is prepared at a temperature of 160 °C, 
the spectrum of the pure polymer film heated at such tem-
perature is also shown.

The thermal treatment does not affect the vibrational 
dynamics of the polymer, as no appreciable difference is 
observed in the explored spectral range of pristine or heated 
samples.

When recorded as a function of the z coordinate, such 
spectral fingerprints of the materials in the composite supply 

Fig. 2  Inelastic Raman spectra of the PDMS film grafted SWCNT (in 
red) compared to pure PDMS, heated PDMS and pure SWCNT
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thicknesses both of the polymer film and of the SWCNT 
conductive filler penetration depth. The observed behaviour 
might be due to the decrease of the number of conductor-
to-conductor electrical contacts and/or tunnelling junctions 
caused by the rapid filling by the polymer of the spaces 
between individual conductive components created by 
straining the composite material.

Similar electrical conduction mechanisms have also been 
suggested by Lee et al. [27]. Figure 5b demonstrates that 
several consecutive strain/release cycles in the strain range 
0–40% of the SWCNT/Sylgard PDMS composite, show a 
fairly repeatable behaviour, with only minor resistance vari-
ations, of about 5% at most. Once again, this behaviour is 
maintained after several hours of molecular relaxation in the 
unstrained condition. Thus, although the electrical conduc-
tion of our composite is slightly less stable compared to its 
stress vs. strain behaviour, it seems perfectly suitable for 
most application fields. The sensitivity of the linear part of 
the plot is about 10 kOhm/(% Strain); this was measured 
on a 24 mm long − 3 mm wide conductive sample. Similar 
results were obtained for samples of the similar sizes.

Figure 6 reports the I/V plot for different strain values 
measured to check the conduction behaviour of the devices 
at different applied voltages. The plots are basically linear, 
although the voltage decrease after reaching a maximum of 
200 V causes a very slightly lower current to flow in the 
carbon nanotubes component. No qualitative deviation from 
a simple ohmic behaviour is however observed even on a 
stretched conductor.

Figure  4 shows that 6 cycles of stress/strain measure-
ments performed over a strain up to (ΔL)/L = 40% (i.e. 
stretching the film to 140% of the initial length) are per-
fectly reproducible with only minimal hysteresis. The plot 
shows that there are no significant differences between the 
first three cycles and three subsequent cycles performed 
after relaxing the sample for 15 h with no strain.

It is however peculiar that the corresponding resistance/
strain plot, reported in red in Fig. 5a, shows a deviation of 
the resistance, on releasing the strain below 30%, the final 
resistance remaining approximately 6% higher. The choice 
of plotting resistance, rather than resistivity, is due to the 
fact that the latter is affected by a large error due to uneven 

Fig. 4  Cyclic stress/strain test of a conductive track of the following 
dimensions: 27 mm long, 3 mm wide and 0,7 mm thick

 

Fig. 3  (a) Concentration of carbon nanotubes and polymer molecules 
inside the composite film vs. distance from the deposition surface, for 
different heating times. Note that the thickness is not the same for all 
specimens and ranges from 130 to 400 μm. Symbols are as follows: 
triangles refer to the Sylgard substrate and squares refer to SWCNT; 
colours refer to different heating times: black = 30 s, red 1 min, blue 
10 min, green 30 min, brown 180 min. (b) concentration of Carbon 
nanotubes at a depth of 25 μm vs. sample heating time
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over a period of 2 weeks. As a step forward we need to 
understand the cell viability in vitro on our SWCNT/Syl-
gard 184 elastomer composite, where the substrate structure 
is different from other studies. We therefore performed an 
MTT assay, as detailed in the Materials and Methods sec-
tion, to analyse the viability of cells grown on SWCNT self-
grafted on Sylgard 184.

Figure 7 shows that there were no significant differences 
in cell viability between the cells plated on Sylgard and 
those plated on Sylgard with nanotubes, suggesting that the 
presence of nanotubes did not have an adverse impact on 
cell viability and function. To mitigate potential cell-spe-
cific effects, we also used a murine neuroblastoma cell line, 
N1E115, obtaining consistent results.

3.2  Biocompatibility results

The effect of nanotubes on cell viability has been the object 
of extensive research for many years, in particular in so 
far as neuronal cells are concerned [33–37]. It was found 
that not only CNT maintain cell viability, but it is also an 
excellent growth substrate, so that it is used in technological 
neuronal application. In vivo, long term experiments [31] 
demonstrated the viability for at least 11 weeks of a com-
posite material based on SWCNT and poly-ethylene, whose 
structural properties however are different from those of the 
SWCNT/elastomer composite. More recent work has used 
successfully CNT transferred onto PDMS films as flexible 
implantable electrodes [38], with excellent biocompatibility 

Fig. 7  Cell viability was assessed on a murine myoblast cell line, 
C2C7, plated on Sylgard samples with or without nanotubes. Data are 
reported as mean ± Standard Error of Measurement (number of sam-
ples = 3). OD: optical density

 

Fig. 6  I/V test of a conductive track of the following dimensions: 
24 mm long, 3 mm wide and 0,4 mm thick

 

Fig. 5  (a) Resistance and stress/strain test on one cycle; (b) Resistance/strain test on three cycles, on a new specimen and on the same specimen 
after 15 h of relaxation at the original unstretched length
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4  Conclusions

Self-grafting of SWCNT on polymers represents an easy 
way to accomplish electric sensors and electrodes with dif-
ferent viscoelastic properties depending on the application.

The body of results converges to indicate that stable 
conductive and stretchable composites can be fabricated by 
depositing Single Wall Carbon Nanotubes on the biocom-
patible, well assessed Poly-Dimethyl Siloxane (Sylgard 
184) thermosetting elastomer substrate. SEM and Raman 
analysis indicate a deep penetration of SWCNT bundles 
into the polymer, leading to a safe material suitable to the 
fabrication of biomedical implantable devices.

The composite is stable, has repeatable and reliable prop-
erties and is fully biocompatible as the cell viability tests 
demonstrated. The body of previous available results con-
firms the present in vitro studies: in a different work we 
demonstrated that subdural electrodes made of SWCNT 
self-grafted onto poly-ethylene (another biocompatible 
substrate) did not have adverse effects on the health and 
behaviour of freely moving laboratory rats [31] for at least 
11 weeks. A different investigation conducted in vivo using 
carbon nanotubes transferred from a lithographic substrate 
to PDMS films showed good biocompatibility although 
the experiments were only carried on for 2 weeks. More-
over, it has been reported that Mesenchymal Stem Cells 
adhere to the substrate for at least 7 days before inducing 
their differentiation into osteoclasts [39]. Also, following 
the differentiation, cells remains adherent to the substrate, 
suggesting that the composite does not interfere with long 

3.3  Application example: artificial bladder 
prototype development

Having assessed the stability of the composite and its prom-
ising mechanical and electrical properties, we developed 
a prototype model of an artificial bladder silicone based, 
endowed with SWCNT built-in sensors of the strain due to 
urine filling. Other devices, such as electrical conductivity, 
turbidity, and pH sensors, can be implemented using the 
same methodologies. The strain sensor was “printed” on the 
outer and lower part of the model, by the described method 
of drop casting through a mask, to record the complete pro-
cess of filling and emptying.

Figure 8a shows a photograph of the laboratory prototype 
model bladder with a detail of the strain sensor electrical 
connection. Figure 8b shows the increasing (on water fill-
ing) and decreasing (on water emptying) resistance values. 
Note that each 20 cc stepwise filling was followed by a sig-
nal stabilization time of approximately 60 s, after which the 
resistance value remained stable and the next 20 cc amount 
of water was added. The resistance shows a fairly smooth 
increase on filling and an even smoother behaviour on emp-
tying, offering useful data for the development of the artifi-
cial model bladder.

Fig. 8  (a) A PDMS bladder model endowed with a printed and self-
grafted SWCNT strain, connected by the two white wires soldered to 
built-in copper electrodes; (b) Resistance of the strain sensor of the 

PDMS model bladder, vs. filling (24 stepwise fillings, by 20 cc each, 
black dots), and vs. continuous emptying at a rate of 2.4 cc/s (red dots)
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term cellular functions and/or viability [40, 41]. We have 
therefore exploited such properties to fabricate a silicone-
based prototype of artificial bladder endowed with built-in 
filling level sensors with which we have measured repeated 
cycles of filling and emptying. This technology turns out to 
be reliable and economic, and it is particularly promising 
for devices needing easy and inexpensive micro-patterning 
of the conductive path and therefore for further develop-
ment of several types of artificial prostheses. Furthermore, 
it can be extended to a wider application field on exploiting 
different polymers, and in particular the more mouldable 
thermoplastic ones that can be adapted to specific shape (as 
already demonstrated in neurological application), or harder 
but flexible ones where electrical signals need to be trans-
ferred over movable or vibrating parts.

Several directions of this research are foreseeable: 1) 
extending the application range into both implantable sen-
sors and active transduction of signals, 2)extending the 
range of polymeric materials suitable for both implanta-
tion and the required application, 3) understanding the 
interaction mechanisms between carbon nanotubes and the 
different polymers, and at last 4) understanding if the inter-
action of high specific surface CNT/polymer composites 
with gaseous and liquid analytes can affect their electrical 
conductivity.
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