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the photoacoustic effect ultrasonic waves 
can be generated by the laser induced 
thermal expansion of the samples. The 
method has some limitations in applica-
tions on sensitive materials like living tis-
sues since the risk for burns or ablation 
from excessive heat limits the amount of 
used energy. Piezoelectric ultrasonic actua-
tors are often used today for generation of 
ultrasonic waves, although their effective 
bandwidth is limited, and they are suscep-
tible to electromagnetic interferences.

In addition, at high ultrasonic frequency 
miniaturization of piezoelectric transducers 
requires a great deal of effort in their pre-
cise production of very small structures, 
narrow spacing and complex dice and fill 
technique for piezoelectric composites 
arrays.[1–4] On the other hand, the trans-
ducer sensitivity depends on active trans-
ducer area, which drops when reducing the 
area size of piezoelements. A new kind of 
laser based ultrasonic generators has been 

developed and investigated during the last years as an extension 
and alternative to classical photoacoustic and piezoelectric appli-
cations.[5–10] A sample is not directly illuminated by a laser pulse, 
but a robust intermediate layer, which absorbs laser energy and 
converts to sound pressure waves. The thin layers have a high 
optical absorption,[11] a high thermal expansion coefficient and 
can withstand high laser powers, which therefore emits higher 
sound pressure waves without damaging the sample. The design 
varies from pure nanoparticle coatings or metal layers [5,12–17] to 
the combination of different nanoparticles with polymers.[2,11,18,19] 
The nanoparticles work as intermediate agents between the heat 
generated in the nanoparticles by optical absorption and, e.g., the 
polymer with a high thermal expansion. Various research groups 
have investigated various nanoparticles for this application in 
detail for several years. For the purpose of high optical absorption, 
gold nanostructures,[20–22] graphite,[5,19] carbon fibers,[8,23] carbon 
black [18,24] as well as candle soot [25–27] have been investigated so 
far. Other highly absorbing nanoparticles are carbon nanotubes 
(CNTs), which are promising for these applications,[2,10,28] as they 
show the highest optical absorption properties in a broad range 
of optical wavelengths.[29–32] The efficiency for ultrasonic genera-
tion can be improved by an elastomer component such as poly-
dimethysiloxane (PDMS), since PDMS shows a large volumetric 
thermal expansion coefficient (β = 300 × 10−6 C−1)[33–35] and at the 
same time low optical absorption.[36,37] The integration of nano-
particles in a polymer can be challenging, but necessary, as they 

In the last few years, extensive progress in ultrasonic wave generation by 
using multiwalled carbon nanotubes (MWCNTs) in combination with poly
dimethylsiloxane (PDMS), functional composites, has been achieved. Due to 
high optical absorption of MWCNTs as perfect absorbers for laser beams and 
the high thermal expansion coefficient of PDMS, a compact transducer for ultra-
sonic wave generation at higher frequency can be realized. This study reports a 
novel method to synthesize MWCNT–PDMS composites deposited on a glass 
substrate by spray coating, which is done in a short time of 2 h. The layers 
(0.9–32.2 µm) show low optical transmission properties of 13.9–0.0% at a wave-
length of 1047 nm. Apart from using a 1% Triton-X-100 stock solution and then 
diluted to a 0.1% relatively nonhazardous solution, no toxic chemicals are used. 
The Triton-X-100 solution is not hazardous for lab handling and is a commonly 
used lab detergent for the treatment of biological cells. The achieved sound 
pressure level is 3.4 MPa with a frequency bandwidth of 9.7 MHz. These results 
show the potential for a fast and nontoxic production of laser-generated ultra-
sonic transducers, which can be used well in the field of nondestructive material 
testing of layered materials or in medicine with an appropriate frequency range.

1. Introduction

Since many years, photoacoustic applications have offered far-
reaching imaging possibilities in nondestructive material testing 
and in medicine. Photoacoustics describes the conversion of 
absorbed laser energy into sound waves in a medium. Based on 
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can significantly improve physical properties of layers, such as 
average thermal conductivity.[38] Major efforts have been aimed at 
achieving a homogeneous distribution of nanoparticles in, e.g., 
polymers.[9,39–43] Because of van der Waals forces,[44–46] carbon 
nanotubes tend to reconglomerate. Efforts to prevent reconglom-
eration range from various chemical functionalization and deri-
vatization [9,39] to strong mechanical processing methods, such as 
ultrasonic treatments and mechanical stirring.[43] The mechan-
ical processing methods can damage the nanotubes [43,47,48] and 
cause them to lose their physical properties. Processing methods 
of carbon nanotube-based functional layers are complex and 
include the use of partly toxic and harmful chemicals and can 
also cause damage to the nanotubes.[49]

In this study, we present an improved alternative method 
for the synthesis of high concentrated MWCNT–PDMS com-
posites, with high optical absorption property. These methods 
include determining the photoacoustic performance, robust-
ness of the layers, and the investigation of the homogeneous 
distribution of MWCNTs in PDMS. The fabrication process was 
carried out by applying thin MWCNT–PDMS layers on a glass 
substrate by spray coating with an airbrush gun. Apart from 
using a 1% Triton-X-100 stock solution and then diluted to a 
0.1% relatively nonhazardous solution, no toxic chemicals were 
used. The developed manufacturing method for coating layers 
is robust, straightforward and fast (about 2 h). The thickness 
of the layers can be controlled by modifying the spraying time. 
The method presented in this work enables a precise creation 
of thin and high absorbing ultrasonic actuators in a short time. 
Due to an appropriate frequency bandwidth and pressure level, 
these composites can be well used in the field of nondestructive 
material testing of layered materials or in medicine.

2. Experimental Section

2.1. Materials

MWCNT provided by Sigma Aldrich (724769-100G) were pro-
duced by chemical vapor deposition (CVD) using cobalt and 
molybdenum as catalysts (CoMoCAT). The outer diameters of 
the MWCNTs are 6–9 nm, the length 5 µm and they consist of 
at least 95% carbon.

Polyoxyethylene octyl phenyl ether (Triton-X-100) is a p-tert-
octylphenol derivative with a polyethylene glycol side chain of 
9 to 10 ethylene oxide units. It is a nonionic surfactant from 
the group of octylphenol ethoxylates. Sylgard 184 provided by 
DOW CORNING (consists of polydimethylsiloxane (PDMS) 
and curing agent). All chemicals are used as delivered, and no 
further changes were made.

2.2. Processing Methods

2.2.1. Dispersion of PDMS in Distilled Water with Triton-X-100

To evaluate the water solubility of PDMS, 4 g  of PDMS was 
mixed in 50  mL of a 0.1% Triton-X-100 solution and homog-
enized in an ultrasound treatment for 30 min at 100 W at 
20 kHz. It is notable, that only the PDMS part of Sylgard 184 

was used without curing agent. The stable suspension after sev-
eral months is shown in Figure 1b.

After the treatment the solution was left at room tempera-
ture, until no further sedimentation takes place. In this case, 
the solution was kept for several months in the laboratory at 
room temperature. The solubility of PDMS in an aqueous 0.1% 
Triton-X-100 solution was determined by a gravimetric analysis. 
The dissolved content of PDMS in the solution (Figure 1b,b1) 
was measured by pipetting 5  mL in an evaporation dish and 
a followed treatment in a drying cabinet at 100 °C, where the 
water evaporated. This process was repeated after a week to val-
idate that no further PDMS was deposited as sediment caused 
by movement of the solution; the following control measure-
ments showed the same results. 1 mg mL−1 of PDMS can be 
dissolved in a 0.1% Triton-X-100 pure deionized water solution.

2.2.2. Results of CNT and PDMS Solution

Triton-X-100 is well suited for dissolving CNTs.[56–60] Therefore, 
it is an excellent intermediate agent between CNT and PDMS, 
which provides a chemically relatively nontoxic, water-soluble 
solution. For the preparation of a CNT–PDMS solution, a 
100 mL glass bottle was filled with 45 mL of pure distilled water, 
100  mg of MWCNT, and 200  mg of PDMS. To the mixture, 
5 mL of a prepared 1% Triton-X-100 distilled water-based stock 
solution was added. The undissolved components were homoge-
nized for 30 min with an ultrasonic homogenizer at 130 W. The 
highly homogenized MWCNT–PDMS solution was then very 
stable for the application. No sedimentation effects of MWCNTs 
or PDMS can be noticed after a quite long time (months).

For a homogeneous solution, a strong ultrasound treatment 
is necessary. A lower power treatment (below 130 W) is not suf-
ficient to dissolve the conglomerations, which results in large 
lumps of undissolved CNTs (Figure 2).

The prepared CNT–PDMS solution was applied on a glass sub-
strate as an ultrasonic generator for ultrasonic measurements. The 
deposition of the CNT–PDMS solution was done with an airbrush 
gun by spray coating. A 20 × 20 mm wide and 130 µm thick glass 
slab was used as a substrate and was placed on a hot plate (100 °C) 
to accelerate the evaporation process. The spraying distance was 
≈30  cm from the substrate. Depending on the thickness of the 
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Figure 1.  PDMS-Triton-X-100–water solution directly after homogenizing 
a) and after several months b). In (b), excessive PDMS is deposited b2) 
and a stable PDMS–water solution (1 mg mL−1) remains b1).
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Figure 2.  The effects of ultrasonic treatment for 30 min with a) 0.3 W, b) 80 W, and c) 130 W investigated with a scanning electron microscope (SEM). 
Panel (a) shows an image section of 50 µm and 10 µm while (b) and (c) show an image section of 10 and 2 µm. The high shear forces induced by 
ultrasonic waves c) are necessary to produce homogeneous CNT solutions and layers.
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layers, the spraying time was between 5 and 20 min, which 
resulted in layer thicknesses between 0.9 and 32.2 µm. A PDMS 
curing agent solution based on a 0.1% Triton-X-100 water solution 
was applied to the layer using the same process to cure the com-
posite. The ratio of PDMS to curing agent was 10:1. The layers cre-
ated in this way were cured at over 100 °C for 30 min. The spraying 
process (Figure 3b) is robust, straightforward, and results in thin 
homogeneous layers in a short time (Figures 3a and 4).

This study combines the binding capabilities of Triton-X-100 
of both PDMS and MWCNT (Figure  3c). The methyl groups 
of the hydrophobic part of Triton-X-100 are able to connect to 
PDMS and MWCNTs. By adsorption, the methyl groups can 
attach to the MWCNTs, while hydrogen bonds are formed 
between the methyl groups of Triton-X-100 and the methyl 
groups of PDMS. The benzene ring can connect to the MWCNT 
via pi stacking. Bai et  al.[58] and Geng et  al.[57] described the 
adsorption and pi-stacking processes and the possible binding 
to the MWCNTs. This can result in adsorption of methyl groups 

on the surface of the MWCNT as well as in pi-stacking between 
the benzene rings of MWCNT and Triton-X-100.

The thicknesses of the spray-coated MWCNT–PDMS layers 
were measured with a Dektak 150 Surface Profiler. The refer-
ence point is on the coating free glass surface. The measured 
thicknesses were 0.9, 4.3, 10.2, and 32.2 µm, respectively.

The transmission coefficients of the layers were measured 
with an UV–vis spectrometer. Each sample shows low trans-
mission (13.9–0.0%) at a wavelength of 1047 nm (Figure 5). As 
mentioned before (Figure 5a), PDMS shows a very high degree 
of transmission (91.2% at a wavelength of 630–1100 nm with a 
thickness of 1 mm, coated on glass).

3. Ultrasound Pressure Measurements

The ultrasound pressure in water was measured with a PVDF 
needle hydrophone (Imotec Messtechnik: type 80-0.5-4.0, 
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Figure 3.  a) Final result of a spray coated MWCNT–PDMS composite after curing. b) Schematic drawing of a spray-coating process with an MWCNT–
PDMS–Triton-X-100 solution on glass. c) Binding of Triton-X-100 with PDMS and MWCNT via pi-stacking c1), hydrogen bonds c2) and c3*/c3**) 
possible adsorption of the methyl groups on the surface of CNTs.
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1  mm diameter), which is calibrated up to 10  MHz. The 
measurement setup is shown in Figures  6 and  7a, and the 
received ultrasonic pulses are shown in Figure  8. A multi-
mode fiber (1  mm diameter, 0.50 NA Step-Index Multimode 
Fiber FP1000URT from Thorlabs) was used for laser excita-
tion, which was coupled with a fiber collimator (RC08FC-F01: 
Reflective Collimator, UV Enhanced, Ø 8.5  mm Beam, FC/
PC). The used laser was a Q-switched laser (Mosquito Innolas, 
Krailling, Germany) with a wavelength of 1047  nm, a pulse 
duration of 11.4 ns, and a repetition rate of 1 kHz. The laser 
power was set at about 135 mW (fluency of 17.2 mJ cm−2) for 
the 1 mm multimode fiber. A digital oscilloscope was used for 
data acquisition and signal processing. The distance between 
the layer excited by the laser and the hydrophone was 1 mm. 
The fiber end was directly adjusted on the rear side of the 
coated glass plate. In this work, the focus is the quick and 

robust manufacture of MWCNT–PDMS coatings. The hydro-
phone (bandwidth 10  MHz) can be well used for the charac-
terization of the MWCNT–PDMS composites for ultrasonic 
applications in this frequency range.

The sound pressure measured in this way ranges from 
1.7 to 3.4  MPa (see Figure  8a). The corresponding power 
spectra (Figure  8b), with maximum pressure referenced to 
0  dB ranges from 6.6 to 9.7  MHz at a full width of quarter 
maximum (FWQM) bandwidth. The lower sound pressure 
at the 0.9  µm thin sample was caused by the fact that more 
transmission of the laser beam takes place, in this case a thin 
layer emits higher frequencies ultrasonic waves.[11,18,61] The 
relation of layer thicknesses with frequency ranges can be 
showed with the 32.2  µm thick sample, where the spectrum 
of 6.7 MHz differs significantly from the others ranging from 
9.0 up to 9.7 MHz.[11,18,61] The sound pressure measured with 
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Figure 4.  a) REM image of a CNT–PDMS layer in which the MWCNTs are very well enclosed by the PDMS polymer strands. A comparison with Figure 2 
shows that all CNTs are processed without conglomerations. b) Inclusion of a CNT–PDMS layer, which is treated with a final protective layer. The 
impurities in (b) come from the manufacturing process, which was not carried out in a specific clean room.
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the 32.2  µm thick layer (Figure  8b) is not significantly higher 
(3.2 MPa), since the attenuation of the ultrasound pressure in 
thicker layers becomes stronger than within thinner layers.[18] 
Poduval et  al. observed and describes similar effects, which 
explain the lower sound pressures at 0.9 and 32.2 µm.[41]

A further investigation is carried out to determine whether 
the MWCNT–PDMS layers meets the stability criteria in com-
parison with other methods. Baac et al. was able to determine 

a maximum fluency value of 477 mJ cm−2 of MWCNT–PDMS 
composite materials.[10] To significantly increase the fluency, a 
200 µm multimode fiber (0.39 NA, Ø 200 µm core multimode 
optical fiber, high OH for 300–1200 nm, TECS Clad-FT200UMT 
from Thorlabs) was used (in our case a fluency of 400 mJ cm−2). 
For ablation testing an MWCNT–PDMS layer was irradi-
ated with the laser beam and optically investigated after each 
pass for ablation effects or other damages. The fluency was 
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Figure 5.  a) Transmission of the 130 µm thick glass slab (blue, solid line) and a 1 mm thick PDMS layer, which was coated on the glass slab (red, 
dotted line). b) The transmission curves of the thicker layers (green, red and purple (dotted lines)—right scale) show transmission values of less than 
0.25% at a wavelength of 1047 nm. The 0.9 µm thick layer (blue, solid line—left scale) shows transmissions up to 13.9% at 1047 nm. All numerical 
values in the graphs are only valid for a wavelength of 1047 nm.

Figure 6.  Measuring setup for determining the generated ultrasound pressure waves in water. The measuring distance from hydrophone to sample 
was ≈1 mm. Point (1) represents the optical source, which in (2) was coupled into a multimode fiber (3) and the laser pulses were conducted onto the 
sample (6). A photodiode (4) was used for triggering. The ultrasonic pressure waves were detected with the hydrophone (5).
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continuously increased until a visible damage occurs. The 
MWCNT–PDMS layers showed visible damage at a fluency of 
above 400 mJ cm−2. The layers produced in this study corre-
late well with the damage thresholds in the literature. Figure 9 
shows the effect of damage caused by increased laser power.

In this work, a 1 mm fiber was used for the characterization 
of the functional layers. It is known that thinner fibers result in 
a higher fluency and the frequency bandwidth shifts toward a 
higher frequency range, as Hou et al.[62] described.

4. Conclusion

In conclusion, based on the study on the solubility of PDMS 
and the combination of MWCNT and PDMS in an aqueous 
Triton-X-100 solution, a MWCNT–PDMS composite can be 
successfully produced for ultrasonic wave generation. In the 
solution, the common binding capabilities of both MWCNT 
and PDMS were used via pi-stacking and adsorption of methyl 
groups directly to the MWCNT. The resulting solution can be 

Figure 7.  a) Measuring setup for the determination of the ultrasound pressure waves in water. The measuring distance was 1 mm and b) an enlarged 
schematic drawing of the CNT-based photoacoustic transmitter. The homogeneous MWCNTs heated by the laser pulses, transferred the heat immedi-
ately to the surrounding PDMS layer, which performs fast thermal expansions, and generated ultrasonic pressure waves in water.

Figure 8.  a) The generated ultrasound pressure ranges from 1.7 MPa for the 0.9 µm layer thickness to 3.4 MPa for the 10.2 µm layer thickness meas-
ured 1 mm from the end face of coated glass slab. b) The corresponding ultrasonic power spectra ranges from 6.6 to 9.7 MHz.

Figure 9.  Image of the CNT–PDMS layer and the ablation that occurs at 
400 mJ cm−2 with a 200 µm multimode fiber.
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sprayed precisely and convenient onto a thin glass plate with 
an airbrush gun, whereas the thicknesses of the layers can 
be easily controlled by the spraying time. Depending on their 
thicknesses (0.9–32.2 µm), the layers produced in this way show 
a low optical transmission rate of 13.9–0.0%. The ultrasonic 
measurements were performed with a hydrophone in a water 
tank. The ultrasound pressure levels (1.7–3.4  MPa) measured 
at 1 mm distance in water by using the current PVDF needle 
hydrophone are comparable with other photoacoustic actuators. 
For similar sound pressure levels (see Table 1), the fluency of 

the laser beam (17.2 mJ cm−2) in our measurements is lower 
(36–96 mJ cm−2) than the fluencies of other reported methods. 
The investigation results show the manufactured layers with 
this method are well suited for ultrasonic applications in medi-
cine and in nondestructive material testing.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Table 1.  Comparison and characterization of the previously manufactured multiwalled carbon nanotubes (MWCNT) with polydimethylsiloxane 
(PDMS) for photoacoustic transducers regarding to design, generated sound pressure, bandwidth and layer thickness, as well as the used laser.

Design, nanoparticle, polymer Coating methodprocessing time [h] Measuring distance  
[mm]

Layer thickness [µm] 
Bandwidth [MHz] 

Sound pressure [MPa]

Pulse duration [ns] 
Wavelength [µm] 
Fluency [mJ cm−2]

Ref.

300 µm fiber, MWCNT, PDMS Dip coating

24+
1.5 20

26.5

≈4

2

1064

≈36

Finlay et al.a)

200 µm fiber, MWCNT, PDMS Dip coating

24+
3.1 20, 20

15, 20

4.5, 4

2, 2

1064, 1064

36.6, 96

Colchester et al.b)

200 µm fiber, MWCNT, PDMS Dip coating

24+
2 20

≈40

4.5

2

1064

36.1

Noimarket al.c)

Epoxy slab distal end of a 400 µm 

fiber, MWCNT, PDMS

Dip coating

24+
1.5 –

31.3

1.87

2

1064

8

Colchester et al.b)

Membrane, MWCNT, PDMS Blade-coating

24+
9 46

27.2

≈1

5

1064

76 µJ per pulse

Alles et al.d)

200 µm fiber, MWCNT, PDMS Electrospinning, PDMS dip coating

48+
1.5 13.7

29

1.59

2

1064

35

Poduval et al.e)

Glas slab, MWCNT, PDMS CVD, spin coating

Few hours

1.4 2.6

80

–

3

532

43.4

Won Baac et al.f)

Coated PMMA film, MWCNT, 

PDMS

Vacuum filtration/transition, spin 

coating

16+

10 9

10

6.35

8

532

180 mW per pulse

Fan et al.h)

PET slab, MWCNT, PDMS Vacuum filtration/transition, spin 

coating

16+

10 20

10

5.4

8

532

330 mJ per pulse

Fan et al.h)

PET lens, MWCNT, PDMS Vacuum filtration/transition, spin 

coating

16+

14 20

10

35

8

532

330 mJ per pulse

Fan et al.h)

PMMA substrate, MWCNT, PDMS Vacuum filtration method, Spin 

coating n.I.

10 5.2

15

3.2

8

532

180 mW cm−2

Moon et al.i)

Coated lens, MWCNT, gold, PDMS CVD, gold deposition, spin coating

Few hours

5.5 2.6

30

57

6

532

42.4

Won Baac et al.g)

Coated lens, MWCNT, gold, PDMS CVD, gold deposition, spin coating

Few hours

9.2 16

25

70

6

532

9.6

Lee et al.g)

a)Ref. [50]; b)Refs. [2,51, 52]; c)Ref. [9]; d)Ref. [22]; e)Ref. [41]; f)Ref. [28]; g)Refs. [35,53]; h)Refs. [54,55]; i)Ref. [34].
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