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Fiber-Optic Photoacoustic Generator Realized by Inkjet-
Printing of CNT-PDMS Composites on Fiber End Faces

Patrick Oser,* Johannes Jehn, Michael Kaiser, Oliver Diittmann, Fabian Schmid,
Levin Schulte-Spechtel, Sergio Sdnchez Rivas, Constanze Eulenkamp,
Christina Schindler,* Christian U. Grosse,* and Datong Wu*

In recent years, photoacoustic generators based on multiwalled carbon nano-
tubes (MWCNT) and polydimethylsiloxane (PDMS) are manufactured in a
variety of ways, which influences the properties of the generators with respect
to frequency bandwidth, sound wave pressure, robustness, and reproduc-
ibility. Due to the high optical absorption of MWCNTs and the high thermal
expansion coefficient of PDMS, this combination is ideally suited for use as

a photoacoustic generator. This study presents a novel method to produce
photoacoustic generators based on long-term stable MWCNT and PDMS

inks with a high reproducibility by means of inkjet-printing. The MWCNT-
PDMS layers (thicknesses of 2—4 um), printed directly onto the distal end

face of a multimode glass fiber, show a good homogeneity and low optical
transmission (19-21%). After the preparation of the fiber pieces, the inkjet
printer performs all steps automatically in a time period of 30-60 s per layer.
The generated ultrasonic pressure (0.39-0.54 MPa) and frequency bandwidth
(1.5-12.7 MHz) can be measured at a distance of ~4 mm with a laser fluency
of 12.7 m) cm~2 These highly reproducible printed photoacoustic generators
can be well used for nondestructive material testing and medical applications.

1. Introduction

For many years research in photoacoustic generators has offered
far-reaching possibilities in nondestructive materials testing and
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in medical imaging applications.'¥l Pho-
toacoustic applications have some limita-
tions on sensitive materials such as on
living tissues, since the risk of burns or
ablation due to excessive heat deposition
limits the amount of used laser energy. For
applications on such kind of sensitive mate-
rials, the approach with a highly optical
absorbing intermediate layer becomes
more interesting,”>!% where a sample is
not directly illuminated by a laser beam but
instead a robust, optical absorbing coating
layer can be applied for ultrasound gen-
eration. These intermediate layers work
as a complementary method for classical
photoacoustics, which provide molecular
contrast for ultrasonic imaging. Due to the
high degree of optical absorption,M these
thin layers can absorb more laser energy
and therefore generate higher ultrasound
pressures without damaging samples or
tissues. The design of these layers ranges
from pure nanoparticle coatings to pure
metal layers,>>"7] the mixed combination of nanoparticles, and
polymers.[¢1L83] For the purpose of high optical absorption gold
nanostructures,?>?2 graphite,®?%l carbon fibers,?*?! carbon
black,"®2% and candle soot*?-2l have been investigated. One kind
of nanoparticles is clearly outstanding for these applications!!3%31
due to its extreme high and broadband optical absorption:132-3!
carbon nanotubes. The efficiency for ultrasound generation can
be improved by an additional elastomer component such as poly-
dimethylsiloxane (PDMS), since PDMS has a high volumetric
coefficient of thermal expansion of = 300 x 107 C136-38] and
at the same time low optical absorption.*>*!! However, the pro-
duction methods depending on the manufacturing process can
vary significantly (Table 1), which have strong impacts on coating
parameters such as layer thicknesses, degree of transmission and
ultrasound pressures, as well as frequency bandwidths. Common
production methods of these coatings are blade-coating,?? dip-
coating,>1%# or spin-coating, sometimes in combination with
chemical vapor deposition (CVD),?3#] vacuum filtration,”) or
electrospinning!!!! as well as spray-coating.*l

The drop-on-demand (DOD) procedure with inkjet-printing
allows a precise production of desired structures*->3 without
the need for expensive masksP®* as used in screen-printing®>->!
or other post-treatments such as etching, mechanical scratching,
or processing methods in baths.°%® Inkjet-printing is already
successfully used in printed electronics for temperaturel®>-%4 or
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http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmame.202000563&domain=pdf&date_stamp=2020-11-16

ADVANCED

Macromolecular

SCIENCE NEWS

www.advancedsciencenews.com

Materials and Engineering
www.mme-journal.de

Table 1. Comparison and characterization of the current manufactured multiwalled carbon nanotubes (MWCNT) with polydimethylsiloxane (PDMS)
for photoacoustic transducers regarding design, generated sound pressure, frequency bandwidth, and layer thickness, as well as the used lasers.
The table is taken from previous work. Adapted with permission under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
License.ll Copyright 2020, the Authors. Published by Wiley-VCH GmbH.

Design Coating method Layer thickness [um] Pulse duration [ns] Reference
Nanoparticle, polymer Processing time [h] Bandwidth [MHz] Wavelength [um]
Sound pressure [MPa] Fluency [m) cm™
300 um fiber, MWCNT, PDMS Dip-coating 20 2 M. C. Finlay?
24+ 26.5 1064
~4 =36
200 um fiber, MWCNT, PDMS Dip-coating 20, 20 2,2 R. J. Colchester?
24+ 15, 20 1064, 1064
45,4 36.6, 96
200 um fiber, MWCNT, PDMS Dip-coating 20 2 S. Noimark?
24+ =40 1064
4.5 36.1
Epoxy slab distal end of a 400 um Dip-coating - 2 R. ). Colchester®)
fiber, MWCNT, PDMS 24+ 313 1064
1.87 8
Membrane, MWCNT, PDMS 46 5 E. ). Alles?d
Blade-coating 27.2 1064
24+ =1 76 ) pulse™
200 pum fiber, MWCNT, PDMS Electrospinning, PDMS dip-coating 13.7 2 R. K. Poduval®
48+ 29 1064
1.59 35
Glass slab, MWCNT, PDMS CVD, spin-coating 2.6 3 H. W. Baac
Few hours 80 532
- 434
Coated PMMA film, MWCNT, PDMS  Vacuum filtration/transition, spin-coating 9 8 X. Fan®)
16+ 10 532
6.35 180 mW pulse™
PET slab, MWCNT, PDMS Vacuum filtration/transition, spin-coating 20 8 X. Fan®
16+ 10 532
5.4 330 m) pulse™
PET lens, MWCNT, PDMS Vacuum filtration/transition, spin-coating 20 8 X. Fang)
16+ 10 532
35 330 m) pulse™
PMMA substrate, MWCNT, PDMS Vacuum filtration method, spin-coating 5.2 8 C. Moon"
n.a. 15 532
3.2 180 mW cm™
Coated lens, MWCNT, gold, PDMS CVD, gold deposition, spin-coating 2.6 6 H. W. Baac
Few hours 30 532
57 424
Coated lens, MWCNT, gold, PDMS CVD, gold deposition, spin-coating 16 6 T. Lee!
Few hours 25 532
70 9.6
Coated glass slab, Spray coating 0.9-32 1.4 P. Oser))
MWCNT, PDMS >2 9.7 1047
34 17.2

Values were taken from: Ref. [10]; P)Refs. [2, 19, 42]; 9Ref. [44]; IRef. [22]; ©)Ref. [45]; OIRef. [30]; Ref. [46, 47]; "Ref. [37]; IRef. [38, 43]; IRef. [41].
Note: Processing time: processing of the nanoparticles into a solution, application to the sample, and finalization of the photoacoustic generator (application of the
polymer, curing). The curing time varies greatly with temperature (48 h at 25 °C and 10 min at 150 °C) and is not in the table.

strain/stress sensor, (265 and is therefore suitable to produce
fully inkjet-printed photoacoustic generators. Compared to the
methods in Table 1, the DOD procedure offers a suitable exten-
sion to produce thin photoacoustic generators.

In this study, we present a novel method to produce a fully
inkjet-printed photoacoustic generator. The characterization of
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this method includes the investigation of the self-made long-
term stable inks, evaluation of printing homogeneity, and the
determination of the photoacoustic performances. The manu-
facturing process was performed exclusively with a Dimatix
Materials Printer DMP-2831. The photoacoustic actuators
were printed on the distal end face of multimode short fiber
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sections, which were coupled afterward with a fiber extension
for ultrasonic investigations. The developed manufacturing
process of these CNT/PDMS coatings is easy to handle, repro-
ducible, robust, and independent of the use of potentially
toxic chemicals as solvents. The shape and number of the
fully inkjet-printed layers can be controlled, which results in
a reduction of production time, less costs, and reduced waste
for thin layers. The method presented in this study enables a
precise and reproducible production of thin but sufficiently
highly optical absorbent layers for ultrasonic actuators in which
all printing process steps (except ink production, cartridge
exchange, and substrate handling) are performed automatically.
Due to a suitable frequency bandwidth and pressure level, the
printed photoacoustic generators can be well used in the field
of nondestructive testing of layered materials or in medicine.

2. Experimental Section

2.1. Materials

Multiwalled carbon nanotubes (MWCNTS) provided by Sigma
Aldrich (724769-100G) were produced by CVD using cobalt and
molybdenum as catalysts (CoMoCAT). The outer diameters of
the MWCNTs (95% carbon) are 6-9 nm and lengths around
5 um, respectively. Polyoxyethylene octyl phenyl ether (Triton-
X-100) is a p-tertoctylphenol derivative with a polyethylene glycol
side chain of 9-10 ethylene oxide units. It is a nonionic surfactant
from the group of octylphenol ethoxylates. Sylgard 184 was pro-
vided by Dow Corning and consists of PDMS and a curing agent
(CA). Octamethyltrisiloxane (poly(dimethylsiloxane), 469319)
was provided by Sigma Aldrich. All chemicals were used as
delivered, and no further changes were made.

2.2. Ink Production and Inkjet-Printing

For printing photoacoustic transducers, a water-based CNT-
PDMS ink on the basis of Triton-X-100 and a polymer-based
PDMS CA ink were prepared. Triton-X-100 is well suited for
dissolving CNTs!®7! in water. In addition, it is also suitable
for dissolving PDMS in a water-based solution, making Triton-
X-100 an excellent mediator between CNTs and PDMS in a
water-based solution, which results in a nontoxic CNT-PDMS
ink. The manufacturing process and analysis of the PDMS-
CNT-ink was described in a previous work, and was done in
under 2 h.*l The PDMS curing agent (PDMS-CA) ink is based
on a hydrophobic short-chain PDMS with a low viscosity of 1
cSt at 25 °C as a solvent, since PDMS dissolves very well in
other PDMS types.’Z The PDMS-CA ink was prepared using
a short-chain and viscous octamethyltrisiloxane solution. The
undissolved components in the solution were homogenized for
2 min by using a 130 W ultrasonic homogenizer. The highly
homogenized short polymer PDMS solution was very stable
for the application and could still be used after more than half
a year without changing its properties. For this purpose, the
inks (CNT-PDMS and PDMS-CA) were stored in a refrigerator
at 0 °C and periodically examined whether properties such as
curing time, shape, speed, and direction of the ejected drops,
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and direction, or printability change with time. These tests
were carried out over a period of half a year. As with the CNT
ink, refilling the printer cartridges was possible, which results
in a significant reduction of waste and used materials. For the
printing tests, the self-developed inks were taken out of the
refrigerator, the required amount was filled into the printer car-
tridge, and then stored again in the refrigerator at about 0 °C. A
significant improvement of ink stability compared to previous
works can be achieved, which reported a stability of PDMS inks
of 2 h”3l and most recently a stability of 2 d.¥l The curing time
of these inks does not exceed that of untreated PDMS.

The inkjet-printing of CNT-PDMS photoacoustic generators
was performed by using the Dimatix Materials Printer DMP-
2831 with a cartridge with a drop volume of 10 pL and a nozzle
with a diameter of 21 um at room temperature (20-25 °C). The
nozzles were driven by a piezo element that allows the deposi-
tion of a single droplet by a voltage pulse. The built-in drop-
watcher was used to monitor the properties like the speed of
ejection, drop shape, and direction of the ink during printing.
The voltage settings of the piezo-driven nozzles were optimized
to maximize drop stability and minimize the formation of
satellite drops. The shape, speed, and direction of the ejected
drops were periodically checked with the built-in drop-watcher
to determine whether the ink properties remained constant
during printing processes.

The inkjet-printing was performed on 16-18 mm long, pol-
ished glass fiber end faces (1 mm diameter and 0.50 NA step
index multimode fiber, Thorlabs FP1000URT) which were
placed face up on the printing plate in a custom-made fiber
holder (Figure 1). Prior to inkjet-printing, the fiber end faces
were cleaned with 2-propanol.

In order to determine printing parameters for the best and
most homogeneous CNT coatings, a series of tests with dif-
ferent line spacing was carried out before printing onto the
fiber end faces (Figure 2).

The CNT-PDMS ink was best printed with a line spacing of
50-100 um and a drop spacing of 10 um based on a visual inspec-
tion. Afterward, the printed PDMS-CA ink had a line spacing

|
N
~—— Cartridge
|

Nozzles

Printed CNT Layer

Printed PDMS Layer \

° Ejected Drops
. /
.

Fibre - o

Fibre Holder:

Figure 1. Schematic representation of the coating process using inkjet-
printing. A custom-made fiber holder straightens the fiber (diameter
1 mm) vertically, while CNT-PDMS and PDMS-CA were sequentially
printed onto the fiber end faces. The printing process took about 30-60 s
per layer. The diameters of the cartridge nozzles are =21 um.

© 2020 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. Investigation and determination of suitable line spacings for
homogeneous coatings. Four T mm long lines were printed with a line
spacing of 25 pim up to 200 um. Line spacing was increased clockwise by
25 um each, starting from 25 um bottom right. The linewidth is around
200 pum for 2040 layers.

Table 2. Overview of investigated printing parameters for printing the
fiber samples.

Fiber 1 Fiber 2 Fiber 3
MWCNT-PDMS layers 20 40 20
PDMS-CA layers 3 6 6
Line spacing [um] 100 100 50
Printing time [min] =15 =25 =25

of 10 pm and a drop spacing of 10 um, which showed the best
inspection results. The printing parameters were varied except
the drop spacing which remained at 10 pm (Table 2), in order to
obtain the most homogeneous coating. The printing layout for a
@ 1 mm fiber had an area of 1.5 mm? to have some overlap for a
homogeneous coating. With a line spacing of 50 um the printing
speed for one CNT ink nozzle was 0.05 mm? s~ and with a line
spacing of 100 um the printing speed was 0.025 mm? s7', respec-
tively. The minimum print area depends on the number of layers
and is limited primary by the drop dimension, which is about
50-200 um in diameter. This results in a minimum line width of
50-200 um depending on the number of layers. The maximum
printable area is the area of the printing plate of the printer. The
total printing process can take about 15-25 min, depending on
the number of layers as well.

The homogeneity of coatings (Figure 3) as well as the
coating thicknesses were determined with a scanning electron

www.mme-journal.de

microscope (SEM-FIB LYRA from Tescan). A part of the coating
was mechanically removed with a scalpel from the fiber end
face. The layer thicknesses were between 2 and 4 um (Figure
4a) and a fully inkjet-printed fiber tip is shown in Figure 4b.

The optical transmission coefficient of the fibers was deter-
mined by measuring the laser transmission power levels.
As reference, a fiber of the same design and with the same
number of couplings (Figure 5) but without any coating was
used. Since both the coated fiber and the reference fiber were of
the same design and had the same coupling loss of laser power,
the power transmission ratio of these two measurements was
taken into account in the absorption calculation. The coated
fibers with coating thicknesses of 2—4 pum showed a reduction
of the laser power of 79-81% in comparison to reference fiber
values at a wavelength of 1047 nm. The optical absorption level
(=80%) is also consistent with other applications of very thin
CNT films and undirected nonforest CNT layers.[1%:30:3144]

3. Assembling and Ultrasonic Characterization

Depending on the selected line spacing (Table 2), the printing
process took 30-60 s per layer. After the printing process, the
short fiber pieces were placed in an oven at 150 °C for 10 min
in order to accelerate the curing process of the PDMS. After
curing, the short fiber pieces were coupled with a fiber exten-
sion to make them suitable for the coupling system (BFT1 Uni-
versal Bare Fibre Terminator, Thorlabs). A Ceramic Split Mating
Sleeve (ADALI) of @ 1.25 mm (LC/PC) from Thorlabs was used
to connect the two fibers as shown in Figure 5. Finally, a shrink
tubing was applied to hold the parts tightly in place.

The ultrasonic pressure in water was measured with a PVDF
needle hydrophone (Imotec measuring technique: type 80-0.5-
4.0, 1 mm diameter). The measurement setup was described
and shown in our previous work."l A multimode fiber (1 mm
diameter, 0.50 NA step index multimode for the laser excita-
tion the FP1000URT fibre, Thorlabs) was used, which was
coupled with a fiber collimator (RCO8FC-FOI: reflector colli-
mator, UV amplified, @ 8.5 mm beam, FC/PC). The used laser
was a Q-switched laser (Mosquito Innolas, 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 about 100 mW

Ll

200 pm

Figure 3. Homogeneity analysis of the layers. a) An uncured CNT-PDMS layer directly after printing shows a high homogeneous distribution without
any lumps. b) A subsequently applied PDMS layer with curing agent showing a homogeneous cured structure (after 150 °C for 10 min in the oven).
The impurities in (b) come from the manufacturing process, which was not carried out in a specific clean room.
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Figure 4. a) Thickness examination of the layers in the SEM imaging. c) Mechanical scraping resulted in all cases a gap between glass fiber and layer.
The total thickness of layers is in the range of 24 um. b) Fully inkjet-printed fiber end face after curing.

(12.7 mJ cm™?) for the 1 mm multimode fiber. A digital oscil-
loscope was applied for data acquisition and signal processing.
The distance between the coated fiber end and the hydrophone
was =4 mm. The measured ultrasound pressures in this setup
ranged from 0.39 to 0.54 MPa (Figure 6). The corresponding
power spectra are shown in Figure 6, with maximum pressure
referenced to 0 dB range from 1.5 to 12.7 MHz at a full width of
quarter maximum (FWQM) bandwidth.

The signal characteristics of the three fibers are very similar,
which indicates that the printing process method has a high
reproducibility.

Fibre extention

To demonstrate the applicability in medical imaging appli-
cations, a silicone dummy sample was prepared, which can
be used as cartilage replacement.” Silicone was poured into
a petri dish and was placed at a slight angle to create a thick-
ness gradient, and it was cured for 48 h. The layer structure of
the silicone dummy sample was then scanned with the meas-
urement setup by using a 2D scanning device (Figure 7) in the
reflection mode.

The measured signals and positions of the scanning device
were collected and evaluated with a Matlab program. B-scans or
C-scans (Figure 8) are reconstructed in the post data processing.

Ceramic Split Mating Sleeve

CNT-PDMS-Tip

/'

Printed Fibre

Figure 5. Cross section of fiber assembling shows the method of assembling the short, coated fiber and fiber extension. A mating sleeve was used

for alignment and a shrink tube for fastening.
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Figure 6. The measured ultrasound pressure pulses of three fully inkjet-printed fiber ultrasonic generators, the ultrasonic pressure amplitudes range

from 0.39 to 0.54 MPa measured at =~4 mm from the distal end of the coated fiber tip. b) The corresponding ultrasonic power spectra range from 1.5
to 12.7 MHz.

4. Conclusion PDMS. The self-developed inks showed a high long-term sta-

bility and thus durability as well as a high printability, which
This study shows successfully the principle of the first reported  play an important role for the producibility of the thin printed
inkjet-printed photoacoustic generators based on MWCNTs and  structures and can be prepared under 2 h. The printing process

PC for evaluation

/\/ ¢) ) 2
Coated Fibre!  Hydrophone Lo
Hydrophone Samplé N 2 . Photodiode

----- ) :
Motor-Driver
g —— Motors

Figure 7. The scanning system for ultrasonic imaging. a) The pulse laser source, b) coupling device for the multimode fiber and the coated fiber*,

c) the PVDF needle hydrophone, and d) the coated fiber tip, e) the power supply for the scanning device: g) motors, and f) photodiode for signal trig-
gering. h) Dummy silicone sample.
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Figure 8. a) Schematic representation of the scanning process for imaging. b) Side view of the silicone sample with a petri dish, (Aa: time of flight
in the silicone sample) (see Figure 7). c) The measured B-scan of the silicone disk. B-scan showing the increasing thickness of the polymer and the
constant thickness of the petri dish bottom (A,pd: time of flight in the petry dish), and d) a corresponding time signal of a single measurement.

itself can be carried out in a short time (15-20 min). The pho-
toacoustic generator can be produced in less than 3 h from the
synthesis of the inks to the printing, curing, and assembling
of the fibre. The developed printing inks are well suited for
printing, handling, and for industrial printing applications. The
printed CNT-PDMS layers on the fibre end faces have a thick-
ness of 24 um and can be used well for high-frequency ultra-
sonic actuators based on absorption of short laser pulses. The
measured ultrasonic pressures ranged from 0.39 to 0.54 MPa at
a frequency of 1.5 to 12.7 MHz. The ultrasound pressure gener-
ated by an infrared pulse laser source (wavelength of 1047 nm,
114 ns pulse duration, and a fluency of 12.7 m] cm™?) was
measured with a PVDF needle hydrophone, which was placed
in an =4 mm distance of the fibre tips. This novel method of
manufacturing thin (2-4 um) photoacoustic generators based
on MWCNT and PDMS offers new possibilities for ultrasound
applications in nondestructive materials testing and in medical
imaging. The shape and number of layers of the fully inkjet-
printed layers can be controlled, which results in a reduction of
production time, less costs, and reduced waste for thin layers.
Furthermore, the self-developed inks described here offer the
possibility to be stored over a long period of time (more than
half a year) without changing their printing properties, which
is very interesting not only for laboratory environments but also
for industrial productions.
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