
A

i
(
o
a
a
©

K

1

d
i
o
l
p
p
a
i
a
g
c
t
S
a
t
t

m

0
d

Sensors and Actuators A 132 (2006) 626–631

Carbon nanotube-based transparent thin film acoustic
actuators and sensors

X. Yu, R. Rajamani ∗, K.A. Stelson, T. Cui
Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN 55455, USA

Received 16 September 2005; received in revised form 15 February 2006; accepted 18 February 2006
Available online 17 April 2006

bstract

Transparent thin film acoustic transducers that can effectively work as both acoustic actuators (speakers) and sensors (microphones) are developed
n this study. The developed transducer consists of a piezoelectric poly(vinylidene fluoride) (PVDF) thin film coated with compliant carbon nanotube
CNT) based transparent conductors, which are fabricated by CNT acid treatment and layer-by-layer nanoassembly based surface modification

f the PVDF substrates. The developed thin film transducers show excellent acoustic response over a broadband frequency range, and have the
dvantages of being transparent, flexible, extremely thin, and lightweight. The developed transducers could make a significant impact on room
coustics by enabling windows, computer screens, touch panels and posters themselves to server as invisible speakers and microphones.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The continued growth in urban population has led to high-
ensity housing close to airports and highways. This has
ncreased the exposure of the population to noise from a variety
f sources, increasing the need to provide better sound insu-
ation for the homes. Because windows constitute the primary
ath through which noise enters a home, window improvements
rovide the most satisfaction to home dwellers [1]. The idea of
ctive noise cancellation (ANC) has been proven to be a promis-
ng solution for the noise attenuation for windows [2]. In ANC,

control algorithm drives a voice-coil actuator to vibrate the
lass panel itself to generate the anti-phase canceling sound to
ancel the primary noise wave. However, multiple actuators on
he glass panel are needed to achieve global noise cancellation.
everal actuators on a window pane would totally destroy the
esthetics of the window. Therefore, an optically transparent dis-
ributed actuation system needs to be developed in order to make

he development of active noise blocking windows feasible.

Transparent thin film acoustic actuators and sensors also have
any other diverse applications. For instance, thin film speak-
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ansparent microphone

rs can work as transparent compact and lightweight general-
urpose flat-panel loudspeakers. Attaching transparent thin film
peakers onto the surface of windows, computer screens, posters,
nd touch panels can enable them to be “speaker-integrated”
evices. The thin film speakers can also be used for other ANC
ystems that need compact and lightweight actuators, such as
ircraft cabins. Further, transparent thin film microphones can
ork as invisible sound monitors for military applications.
There are no fully transparent thin film speakers and micro-

hones that have been previously developed, although several
esearch groups have investigated different methods for the
evelopment of thin film acoustic actuators and sensors. Heydt
t al. [3,4] developed an electroacoustic loudspeaker that uses
he electrostrictive response of a polymer thin film. Over 80 dB
ound pressure level can be produced from the “bubble” ele-
ents of their loudspeaker. However, the high resonant fre-

uency (about 1500 Hz) and required high driving electric field
25 V/�m) will prohibit its use from most normal loudspeaker
pplications. Recently, piezoelectric PVDF has been investi-
ated to fabricate acoustic transducers, either being used as a
ensor [5], or an actuator [6], or both [7]. Their results show

VDF to be a promising solution for thin film acoustic trans-
ucers. However, although PVDF itself is transparent, the need
f transparency for the electrodes poses a great challenge that
as not been solved and is addressed in this paper.

mailto:rajamani@me.umn.edu
dx.doi.org/10.1016/j.sna.2006.02.045
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. Review of results on transparent conductive thin films

Transparent conductive thin film electrodes are also widely
sed for liquid crystal displays (LCDs), touch screens, solar
ells, and flexible displays. Indium tin oxide (ITO) thin films
re often used in these applications because of their high
lectrical conductivity and high optical transparency. How-
ver, ITO thin films are brittle and need high processing tem-
eratures [8,9]. For thin film speaker applications, the con-
inuous vibrations have been found to crack the compliant

etal electrodes after a short period of usage. An alternative
aterial to ITO is poly(3,4-ethylenedioxythiophene)-poly(4-

tryrenesulfonate) (PEDOT:PSS). Using PEDOT:PSS, flexible
lms can be made that can continue to conduct beyond 60%
train [10]. PEDOT:PSS-based flexible transparent speaker has
lso been developed by Lee et al. [11,12]. However, as will be
hown in Section 4, the low transparency and conductivity (about
S/cm) of PEDOT:PSS significantly limit its performance.

Single-walled carbon nantotubes (SWNTs) have also been
nvestigated for fabricating flexible transparent conductive thin
lms due to their high conductivity (in the order of 103–104 S/cm
13]) and high aspect ratio (>100). However, due to the aggrega-
ion of SWNTs, it is difficult to uniformly coat SWNT thin films
n substrates. One approach that has been investigated is to add
WNTs into polymer matrixes [14,15], the resulted polymeric
omposites have good mechanical properties but low conductiv-
ty. Another approach is to disperse SWNTs in aqueous solution
ith the help of a surfactant (such as Triton X-100), thin films
ere then made by wet coating techniques [16]. However, the

urfactant adsorbed on the surfaces of SWNTs is found to greatly
ffect electrical properties. To remove the surfactant, Wu et al.
ltered the SWNT solution through a membrane, washed away

he surfactant, and transferred the SWNT films to substrates
hereafter [17]. Thin films made by these methods show much
etter conductivity. However, this fabrication process is not easy
o scale up for large-size films, the films are easily broken during

he washing and transferring processes, and the bonding between
he SWNT film and the substrate is quite weak.

In the present work, we demonstrate the development of
ully transparent thin film acoustic transducers using SWNTs

s
N
D

Fig. 1. Schematic diagram of the fabrication proces
rs A 132 (2006) 626–631 627

s transparent electrodes. The developed fabrication processes
nd materials are described in detail in the next section. Briefly,
he process is comprised of three steps: (i) oxidizing SWNTs
ith a mixture of sulfuric acid and nitric acid for an ade-
uate length of time. The introduced negatively charged car-
oxylic groups on SWNT surfaces help SWNTs to be stably
ispersed in water even without any surfactant; (ii) modifying
he surface of the PVDF substrate using layer-by-layer (LBL)
anoassembly. Eventually, a positively charged and hydrophilic
oly(diallyldimethylammonium chloride) (PDDA) molecular
ayer is deposited on the top of substrate surface; and (iii) coat-
ng pure SWNT thin films onto modified PVDF substrate sur-
aces using wet coating techniques, including wire-wound rod
oating.

. Prototype transparent PVDF thin film speaker

The high purity SWNTs (<10 vol.% impurity) for this
tudy were synthesized using chemical vapor deposition (CVD)
ethod and were supplied by Timesnanoweb (Chengdu, China).
A schematic of the fabrication process is shown in Fig. 1. In a

ypical acid treatment procedure, 100 mg nanotubes were added
o 40 ml of acid mixture of sulfuric acid (98 wt.%) and nitric acid
69 wt.%) in a ratio of 3:1, and stirred for 45 min on a 110 ◦C
ot plate. The suspension was then diluted to 200 ml. Finally, the
WNTs were collected by membrane filtration (0.45 �m pore
ize), and washed with enough deionized (DI) water to remove
esidual acids. The acid treated SWNTs (10 mg) were added into
0 ml of DI water and bath ultrasonicated for 1 h and settled for
few hours at room temperature. This well-known chemical

reatment for nanotubes has been used to cut SWNTs into short
ubes [18], and to functionalize SWNTs [19,20]. However, we
ound that, with an adequate acid treatment time, the introduced
egatively charged carboxylic groups on SWNT surfaces can
lso help SWNTs to be stably dispersed in water even without
ny surfactant.
The substrate, a 250 mm × 28 �m PVDF thin film (Mea-
urement Specialties Inc, VA), was firstly hydrolyzed with 6 M
aOH aqueous solution for 20 min at 60 ◦C. After rinsing with
I water, PVDF film was immersed in 1.5 wt.% PDDA solution

s of transparent thin film acoustic transducer.
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ig. 2. (A) A 250 mm × l90 mm transparent thin film actuator/sensor. (B) Ligh
mage of the SWNT network of the transparent conductive thin film. (D) Thick

with 0.5 M NaCl) for 15 min at room temperature, followed by
insing with DI water. PVDF film was then dipped into 0.3 wt.%
oly(sodium styrenesulfonate) (PSS) (with 0.5 M NaCl) for
5 min and rinsed. The PDDA/PSS adsorption treatment was
epeated for two cycles and finally treated with PDDA solution
gain. The outermost layer is thus the positively charged PDDA
olecular layer. Here PDDA is chosen for its high hydrophilic-

ty among common polycations [21]. The SWNT/water solution
as then applied to both sides of the PVDF film by wire-wound

od coating and dried at 50 ◦C. After drying, additional SWNT
ayers could be coated above the initial SWNT layer to achieve
desired combination of electrical and optical properties. In this
tudy, the final SWNT thin film has two layers with total thick-
ess of 30–40 nm, 87% average light transmittance in the visible
ight range, and 2.5 k�/Da surface resistivity.

Fig. 2A shows a picture of a fabricated thin film acoustic
ctuator/sensor fixed in a photo frame (the gray lines on the
dges of the film are 3M 9713 conductive tape which is used
o reduce the electrode contact resistance). It is obvious that we
an clearly see through this flexible thin film actuator/sensor.
ig. 2B shows the light transmittance spectrum for the SWNT

hin film over the visible light range, which indicates an average
ransmittance of 87%. The thickness of the SWNT thin film is
bout 30–40 nm as measured by a profilometer (Fig. 2D). Fig. 2C

s a scanning electron microscope (SEM) image of the SWNT
hin film, which shows a randomly ordered tight carbon nanotube
etwork formed on the surface (those spots in the SEM image are
mpurities and bundles of very short nanotubes). Since there is

b
v
T
b

smittance spectrum of the SWNT thin film in the visible light range. (C) SEM
rofile of the SWNT thin film.

o surfactant in the SWNT thin film, the SWNT bundles contact
ach other directly which greatly enhances the conductivity.

. Characterizing the transducer as a loudspeaker

The developed carbon nanotube-based transparent thin film
coustic transducer shows excellent acoustic response. First, it
as characterized as a loudspeaker. The thin film transducer is

xcited to produce sound by a driving signal. Fig. 3 shows a
ypical frequency response from 50 Hz to 3 kHz generated from
he thin film speaker excited by a 12 Vrms white noise signal.
he response is measured at 50 mm from the speaker along the
enterline axis. As can been seen from the figure, the speaker
as a pretty smooth response over a broadband frequency range,
nd the resonant frequency is about 150 Hz which is low enough
or general-purpose loudspeakers and most ANC applications.
he results are also compared with a thin film speaker that uses
EDOT:PSS as the electrodes, which has the same size, same
oundary conditions, and driven by the same signal. It shows
hat the CNT-based thin film speaker has a 15 dB higher response
han the PEDOT:PSS-based thin film speaker over all frequen-
ies. In other words, if want to produce the same sound level,
he PEDOT:PSS-based thin film speaker needs a driving voltage
.6 times of that of the CNT-based thin film speaker. The CNT-

ased speaker thus removes the need for expensive high-power
oltage amplifiers and results in much less power consumption.
he developed thin film speaker also shows good excellent dura-
ility. After being used for ten months, the speakers did not show
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Fig. 4. The effect of the soft substrate on the frequency response of thin film
speakers.
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ig. 3. Measured frequency response from the CNT-based thin film speaker that
s excited by a 12 Vrms white noise signal, compared with a PEDOT:PSS-based
hin film speaker.

ny degradation on their acoustic performance. No changes in
lectrical resistivity were observed on the carbon nanotube net-
ork.
Compared to traditional loudspeakers, the developed trans-

arent thin film speaker has the advantages of being transparent,
xtremely thin and lightweight. For instance, the above thin
lm speaker is less than 30 �m in thickness and less than 10 g

n weight, both of which are significantly less than traditional
peakers. In addition, the sound propagation mechanism of the
hin film speaker is fundamentally different from traditional
oudspeakers. For thin film speakers, the sound is produced from
verywhere over a large-size panel, unlike traditional speakers
hat project sound from one point where the actuator is installed.
his property gives the thin film speakers better stereo height and
idth.
It was also found that the performance of the thin film speaker

ould be optimized for some specific applications, such as their
se as actuators for active noise cancellation (ANC) systems,
y attaching a soft substrate to modify the thin film dynam-
cs. Here, a transparent soft layer (3 M VHB4910 tape, Young’s

odulus = 105 kPa) was cleaved to the film as the substrate to
ake an ANC actuator. The first effect of the substrate is on the

requency response. As shown in Fig. 4, although the acoustic
utput is lowered down at the high frequencies by the added
ass, the frequency response is improved at lower frequency

ange that will be beneficial for ANC.
The other important effect of the soft substrate is that it

an help to eliminate the nonlinear harmonics of a bare film
peaker. Fig. 5 shows the response of the film speakers to a
00 Hz tonal signal. The film speaker without substrate pro-
uces harmonic sounds. A speaker with many harmonics is not
ppropriate as a control source for ANC, because it will pro-
uce other frequency harmonics at the same time as canceling

he primary noise. On the contrary, the film speaker with soft
ubstrate has no harmonics due to the added damping, which
akes it possible for it to be used for active noise control

pplications.

t
a
A
s

ig. 5. The effect of the soft substrate on the harmonics of thin film speakers.

. Characterizing the transducer as an acoustic sensor

The transparent PVDF thin film can also be utilized as an
coustic sensor, since the PVDF is a piezoelectric material. As
coustic pressure acts on the film surface, the piezoelectric effect
ill create an electrical signal that can be monitored. Fig. 6

hows the comparisons of the output voltages from an Audio-
echnica ATR35s microphone and the developed piezoelectric
VDF thin film sensor when they are used to measure the same
00 Hz sound. Fig. 7 is the comparison in frequency domain
hen they are used to measure a wide band noise. As can see

rom the figures, the PVDF film can effectively and reliably
easure acoustic frequency components. Although giving out

maller voltage output at high frequencies due to low energy

ransfer efficiency, the PVDF film can work almost as efficiently
s a regular microphone for frequencies below 900 Hz where
NC systems are useful. More importantly, when used in ANC

ystems, the PVDF thin film sensor will help to achieve global
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Fig. 6. The comparison of outputs of a regular microphone and the transparent
thin film sensor when they are used to measure a 600 Hz sound.
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ig. 7. The comparison of outputs of a regular microphone and the PVDF thin
lm sensor when they are used to measure a 320–2000 Hz wide band sound.

ound reduction, because it will pick up the acoustic signal over
large area instead of just one point as a regular microphone.
eing transparent, the transparent thin film sensors can also be
sed as invisible sound monitors for military applications.

. Conclusions

Transparent thin film acoustic transducers that can effectively
ork as both acoustic actuators (speakers) and sensors (micro-
hones) have been developed by CNT acid treatment and layer-
y-layer (LBL) nanoassembly-based surface modification of the
VDF substrates. The developed thin film transducers showed
xcellent acoustic response over a broadband frequency range,
nd have the advantages of being transparent, flexible, extremely

hin, and lightweight. The developed transducers could make

significant impact on room acoustics by enabling windows,
omputer screens, and posters themselves to server as invisi-
le speakers and microphones. The developed transducers can

[

rs A 132 (2006) 626–631

lso be used as actuators for active noise control systems and
nvisible sound monitors for military applications.

cknowledgments

This project was supported by Marvin Windows and Doors,
arroad, Minnesota. The authors thank Dr. Lorraine Francis for

he use of her lab equipment and for several useful discussions
n CNT thin films.

eferences

[1] W.A. Utley, I.B. Buller, E.C. Keighley, J.W. Sargent, Effectiveness and
acceptability of measures for insulating dwellings against trafic noise, J.
Sound Vib. 109 (1986) 1–18.

[2] H. Zhu, X. Yu, R. Rajamani, K.A. Stelson, Active control of glass panels
for reduction of sound transmission through windows, Mechatronics 14
(2004) 804–819.

[3] R. Heydt, R. Kornbluh, R. Pelrine, V. Mason, Design and performance of
an electrostrictive-polymer-film acoustic actuator, J Sound Vib. 215 (1998)
297–311.

[4] R. Heydt, R. Pelrine, J. Joseph, J. Eckerle, R. Kornbluh, Acoustical per-
formance of an electrostrictive polymer film loudspeaker, J. Acoust. Soc.
Am. 107 (2000) 833–839.

[5] R.L. Clark, R.A. Burdisso, C.R. Fuller, Design approaches for shap-
ing polyvinylidene fluoride sensors in active structural acoustic control
(ASAC), J. Intell. Mater. Syst. Struct. 4 (1993) 354–365.

[6] C. Guigou, C.R. Fuller, Adaptive feedforward and feedback methods for
active/passive sound radiation control using smart foam, J. Acoust. Soc.
Am. 104 (1998) 226–231.

[7] P. Gardonio, Y.S. Lee, S.J. Elliott, Analysis and measurement of a
matched volume velocity sensor and uniform force actuator for the
active structural acoustic control, J. Acoust. Soc. Am. 110 (2001) 3025–
3031.

[8] D.R. Cairns, R.P. Witte II., D.K. Sparacin, S.M. Sachasman, D.C. Paine,
G.P. Crawford, R.R. Newton, Strain-dependent electrical resistance of tin-
doped indium oxide on polymer substrates, Appl. Phys. Lett. 76 (2000)
1425–1427.

[9] Y. Hu, X. Diao, C. Wang, W. Hao, T. Wang, Effects of heat treatment on
properties of ITO films prepared by RF magnetron sputtering, Vacuum 75
(2004) 183–188.

10] D.R. Cairns, S.P. Gorkhali, S. Esmailzadeh, J. Vedrine, G.P. Crawford,
Conformable displays based on polymer-dispersed liquid-crystal materials
on flexible substrates, J. Soc. Inform. Display 11 (2003) 289–295, SPEC
ISS.

11] C.S. Lee, J.M. Kim, D.E. Lee, J. Joo, B.G. Wagh, S. Han, Y.W. Beag,
S.K. Koh, Flexible and transparent organic film speaker by using highly
conducting PEDOT/PSS as electrode, Synth. Met. 139 (2003) 457–461.

12] C.S. Lee, J.M. Kim, D.E. Lee, J. Joo, S. Han, B.G. Wagh, S.K. Koh,
An approach to durable poly(vinylidene fluoride) thin film loudspeaker,
J. Mater. Res. 18 (2003) 2904–2911.

13] J.E. Fishcher, H. Dai, A. Thess, R. Lee, N.M. Hanjani, D.L. Dehaas, R.E.
Smalley, Metallic resistivity in crystalline ropes of single-wall carbon nan-
otubes, Phys. Rev. B 55 (1997) 15–18.

14] P.J. Glatkowski, Carbon nanotube based transparent conductive coating,
in: 48th International SAMPE Symposium, 2003, pp. 2146–2152.

15] J.G. Smith Jr., J.W. Connell, D.M. Delozier, P.T. Lillehei, K.A. Watson, W.
Lin, B. Zhou, Y.-P. Sun, Space durable polymer/carbon nanotube films for
electrostatic charge mitigation, Polymer 45 (2004) 825–836.

16] N. Saran, K. Parikh, D.-S. Suh, E. Munoz, H. Kolla, S.K. Manohar, Fabri-
cation and characterization of thin films of single-walled carbon nanotube

bundles on flexible plastic substrates, J. Am. Chem. Soc. 126 (2004)
4462–4463.

17] Z. Wu, Z. Chen, X. Du, J.M. Logan, J. Sippel, M. Nikolou, K. Kamaras, J.R.
Reynolds, D.B. Tanner, A.F. Hebard, A.G. Rinzler, Transparent, conductive
carbon nanotube films, Science 305 (2004) 1273–1276.



ctuato

[

[

[
Cohn, P.C. Eklund, D.T. Colbert, R.E. Smalley, R.C. Haddon, Dispersion
X. Yu et al. / Sensors and A

18] J. Liu, A.G. Rinzler, H. Dai, J.H. Hafner, R.K. Bradley, P.J. Boul, A. Lu,
T. Iverson, K. Shelimov, C.B. Huffman, F. Rodriguez-Macias, Y.-S. Shon,

T.R. Lee, D.T. Colbert, R.E. Smalley, Fullerene pipes, Science 280 (1998)
1253–1256.

19] J. Chen, M.A. Hamon, H. Hu, Y. Chen, A.M. Rao, P.C. Eklund, R.C. Had-
don, Solution properties of single-walled carbon nanotubes, Science 282
(1998) 95–98.

[

rs A 132 (2006) 626–631 631

20] J. Chen, A.M. Rao, S. Lyuksyutov, M.E. Itkis, M.A. Hamon, H. Hu, R.W.
of full-length single-walled carbon nanotubes, J. Phys. Chem. B 105 (2001)
2525–2528.

21] J. Chen, G. Luo, W. Cao, The study of layer-by-layer ultrathin films by the
dynamic contact angle method, J. Colloid Interface Sci. 238 (2001) 62–69.


	Carbon nanotube-based transparent thin film acoustic actuators and sensors
	Introduction
	Review of results on transparent conductive thin films
	Prototype transparent PVDF thin film speaker
	Characterizing the transducer as a loudspeaker
	Characterizing the transducer as an acoustic sensor
	Conclusions
	Acknowledgments
	References


