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Non-contact optoacoustic imaging employing raster-scanning of a spherically focused air-coupled

ultrasound transducer is showcased herein. Optoacoustic excitation with laser fluence within the

maximal permissible human exposure limits in the visible and near-infrared spectra is applied to

objects with characteristic dimensions smaller than 1 mm and absorption properties representative

of the whole blood at near-infrared wavelengths, and these signals are shown to be detectable with-

out contact to the sample using an air-coupled transducer with reasonable signal averaging.

Optoacoustic images of vessel-mimicking tubes embedded in an agar phantom captured with this

non-contact sensing technique are also showcased. These initial results indicate that an air-coupled

ultrasound detection approach can be suitable for non-contact biomedical imaging with optoacoustics.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928123]

Biomedical optoacoustic imaging has developed as a ca-

pable biomedical imaging technique owing to the powerful

combination of rich optical absorption contrast and high spa-

tial resolution attained on the millimeter to centimeter penetra-

tion depth scales into scattering biological tissues.1,2 A handful

of new applications in pre-clinical research have been recently

enabled by optoacoustics3–5 and several dedicated systems

have been further developed to facilitate efficient clinical

translation of this modality.6–9 Much like in ultrasonography,

optoacoustic imaging techniques rely on ultrasound transmis-

sion from the optical absorbers located within the imaged tis-

sues to the detection locations surrounding the imaged area.

Direct physical contact of the acoustic detectors with the tissue

or an impedance matching medium (typically water) is

commonly achieved in order to enable efficient detection of

optoacoustic responses with piezoelectric transducers.10–12

However, in applications like open surgeries, imaging of burns,

or other lesions, this contact nature of optoacoustics may pres-

ent significant limitations as compared to other non-contact

imaging modalities such as optical imaging, X-Ray computed

tomography, or magnetic resonance imaging.

Detection of optoacoustically induced ultrasound waves

from remote locations was previously shown possible with

optical methods, including optical interferometry13–16 and

beam deflection approaches.17 These techniques are gener-

ally based on the measurement of surface displacement, so

that detection of further ultrasound propagation outside the

imaged body is not required. However, surface irregularities

hamper applicability of a fully non-contact interferometric

detection when applied to real biological tissues; thus, opti-

cal interferometry is usually done with resonant films in

direct contact with the surface of the imaged object18 or with

immersed fiber-based detectors.19

Air-coupled transducers are an alternative method

capable of non-contact ultrasound detection and have been

previously applied for non-destructive testing and material

characterization. In the case of low ultrasonic frequencies,

micro-membrane capacitance transducers are the best choice

for air-coupled detection,20,21 whereas at frequencies above

1 MHz piezoelectric transducers adapted to air by using

microporous coupling layers are more convenient, mainly

because focused apertures and array configurations can be

readily realized for improved sensitivity.22 The main limita-

tion associated with coupling of ultrasound through air is the

large acoustic impedance mismatch of air with biological tis-

sues that have acoustic properties similar to water.

Moreover, the high attenuation of ultrasonic waves in air of

1.6 dB/cm for 1 MHz frequency components23 also contrib-

utes to difficulties detecting optoacoustic signals without

direct contact. In spite of these challenges, feasibility of

detecting optoacoustic signals in a single dimension through

air has been demonstrated when a large laser excitation

fluence is used to excite a highly absorbing medium.24

Optoacoustic imaging using non-contact sensors and laser

excitation within the maximum permissible human exposure

limits (20 mJ=cm2 energy per pulse and 200 mW=cm2 aver-

age power for both visible and near-infrared wavelengths),

however, has never been presented till date. In this letter, we

showcase the feasibility of optoacoustic imaging of blood-

equivalent optical absorbers using spherically focused air-

coupled transducers while employing light fluence levels

below the safety standards for human exposure to pulsed

laser radiation.

The lay-out of the experimental system is depicted in

Fig. 1(a). Phantoms consisting of 1 cm thick clear agar

blocks containing ink-filled cylindrical channels were used.

The agar matrix consists of 1.3% agar powder (by weight) in

distilled water. The phantoms are transparent and have a

speed of sound of approximately 1500 m=s. Different dilu-

tions of ink (Higgins, Chartpak, Inc.) were imaged in chan-

nels of varying diameters between 0.5 and 2 mm. The ink

channels were positioned at a very shallow depth (approxi-

mately 1 mm) from the side of the agar surface facing the

acoustic transducer. A self-developed spherically focuseda)Electronic mail: dr@tum.de
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piezoelectric air-coupled transducer with a central frequency

of 800 kHz and a �6 dB bandwidth of 400 kHz (20 mm

diameter of the active area, 25 mm focal distance) was posi-

tioned at a distance of approximately 25 mm from the surface

of the phantom. The transducer is based on a 1–3 piezocom-

posite adapted to air with two one quarter wavelength match-

ing layers. The first layer consists of the same material as the

piezocomposite (Araldite D), whereas the second layer is a

microporous cellulose membrane (Millipore). No backing is

used. The use of a piezocomposite instead of a piezoceramic

disc is required to increase the efficiency and frequency

bandwidth as well as to shape the transducer to the desired

focusing geometry. The optical illumination was achieved

with an optical parametric oscillator (OPO)-based laser

(Innolas Laser GmbH, Krailling, Germany) directed on the

opposite side of the agar as the acoustic sensor. A light beam

at 750 nm wavelength was guided through a custom-made

fiber bundle (CeramOptec GmbH, Bonn, Germany) deliver-

ing approximately 12 mJ to the imaged sample. The output

of the bundle was positioned in close proximity to the sur-

face of the phantom, so that the diameter of the light beam

at the ink channel was approximately 9 mm2, corresponding

to excitation light fluence of 20 mJ/cm2. The phantoms were

attached to a platform allowing for raster-scanning along x-

and y-directions. The optoacoustic signals were digitized with

an embedded acquisition card at 10 Megasamples per second

and 12 bits vertical resolution (AlazarTech, ATS9351). The

acquired signals were band-pass filtered between 600 and

1000 kHz to remove high frequency noise and low frequency

offsets.

In an initial experiment, straight ink channels with diame-

ters of 0.5 mm, 1 mm, and 2 mm aligned with the y-axis were

imaged. The absorbance values A (or optical density OD) of

the different ink dilutions tested in the channels were 2.5, 10,

and 25, whereas the corresponding optical absorption coeffi-

cient la can be calculated via la ¼ 2:3A=l, where l is the

length of the sample. For reference, the OD of oxygenated

and deoxygenated hemoglobin for realistic concentration of

150 g/l in blood is displayed in Fig. 1(b). At the isosbestic

wavelength of approximately 800 nm, the OD of hemoglobin

is approximately 1.9, and the OD values for blood in the entire

so-called near-infrared window of light (700–900 nm) are

between 0.7 and 3. In this spectral range, optical absorption

by water is minimized thus leading to an optimized penetra-

tion depth of light within biological tissues. Fig. 2 displays the

time-resolved acoustic signals corresponding to the maximum

detected amplitude, which occurs when the agar block is posi-

tioned such that the ink channel lies at the focal area of the

transducer. Signals corresponding to the three different optical

densities for the 1 mm diameter ink insertions are shown along

with the effect of averaging of the signal. After 1000 averages,

the signal originating from the ink channel is clearly visible at

a time near 70ls even for the lowest OD imaged; for the ink

channels with higher OD, the signal can be clearly distin-

guished in as few as 10 averages. The measured time delay of

70 ls between the laser excitation and when the optoacoustic

signal reaches the detector is in good agreement with the

expected time-of-flight of the acoustic wave traveling through

air from the agar block to the detector (approximately 25 mm,

the focal distance of the transducer). The signal-to-noise ratio

(SNR) for these signals as a function of the number of aver-

ages N is shown in Figs. 3(a)–3(c) for the different channel

diameters and ink dilutions. Larger channels can be expected

to generate higher signals because they contain a larger

volume of absorbing ink, and this is confirmed in the results.

FIG. 1. (a) Layout of the experimental

setup, ACT (air-coupled transducer), AP

(agar phantom), FB (fiber bundle), PC

(personal computer), AC (acquisition

card), T (trigger). (b) Optical density of

oxygenated (HbO2) and deoxygenated

(Hb) hemoglobin for a typical concen-

tration of 150 g/l in blood as a function

of the optical wavelength.

FIG. 2. Optoacoustic signals collected with the air-coupled transducer corre-

sponding to a cylindrical ink channel with a diameter of 1 mm. Results for

different optical densities of the ink channel are shown, as well as the effect

of the number of averages on the signal.
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The SNR can also be increased with more averages or higher

optical density. The SNR was calculated as the ratio between

the peak-to-peak amplitude for a time window of 9 ls cen-

tered around the instant corresponding to the maximum

detected signal amplitude and the standard deviation of the

background for a time window of 40 ls after arrival of the sig-

nal. Only SNR values above 14 dB are plotted, for which we

considered that the signal can be distinguishable from the

noise. To examine the spatial resolution capability of the

imaging technique, the spherically focused detector was line-

arly translated along direction perpendicular to the straight ink

channels, along the x-axis. The amplitude of the signals for

the ink channel with 0.5 mm diameter and an OD of 10 as a

function of the lateral scanning distance (x direction) is shown

in Fig. 3(d). The full width at half maximum (FWHM) indi-

cates the potential resolution that can be achieved. For

instance, the FWHM of the 0.5 mm channel shown in Fig.

3(d) is 1.75 mm, indicating that the spatial resolution is higher

than this value. Due to the use of the focused acoustic trans-

ducer, the measured FWHM will be also affected by the depth

at which the absorber is located; the optimal resolution is

expected at the focal plane of the transducer.

In order to demonstrate the basic imaging capability of

the non-contact optoacoustic detection system, a phantom

containing complex absorbing structures was raster scanned

along both the x- and y-directions. The phantom contained

straight and curved ink channels all with diameters 0.5 and

1 mm and OD of 10 arranged onto the z-axis plane of the

transducer’s focal point (approximately 1 mm from the phan-

tom surface), as shown in Fig. 4(a). The scanning was per-

formed with a step of 0.3 mm covering a total area of 12.3

� 7.5 mm2. A two dimensional image was formed by consid-

ering the maximum peak-to-peak amplitude of the signals in

the time window of 12 ls centered around the time point cor-

responding to the geometrical focus of the transducer. The

resulting images formed using different numbers of averages

are shown in Figs. 4(b)–4(e). Generally, good correspon-

dence with the actual phantom geometry can be observed

with improving image quality as the number of averages is

increased. The spatial resolution of the resolved structures is

influenced by the available detection bandwidth and aperture

of the air-coupled transducer.

The showcased results demonstrate the feasibility of

generating non-contact optoacoustic images by raster

FIG. 3. (a)–(c) Signal-to-noise ratio of

the optoacoustic signals for cylindrical

ink insertions with diameters of 0.5 mm

(green), 1 mm (red), and 2 mm (blue) as

a function of the number of averages

for three different values of the optical

density. (d) Amplitude of the optoa-

coustic signal collected with the air-

coupled transducer as a function of the

lateral displacement for the ink inser-

tion with 10 OD and a diameter of

0.5 mm.

FIG. 4. Optoacoustic images obtained

by raster scanning of the spherically

focused air-coupled transducer. (a)

Photograph of the imaged ink channels.

(b)–(e) Optoacoustic images of the

phantom after the recorded signals have

been averaged 1, 10, 100, and 1000

times, respectively.
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scanning of a spherically focused air-coupled transducer

over absorbing structures with absorption properties similar

to whole blood in the visible and near-infrared spectra, using

only laser excitation energy within the recognized safety lim-

its for human exposure. When applied to real tissue, the exci-

tation light intensity will attenuate as it penetrates into

scattering and absorbing medium, which will impact the

effective number of signal averages needed for imaging at a

given penetration depth. However, when imaging in the visi-

ble range of the optical spectrum, the OD of blood increases

substantially, reaching values above 1000 at 420 nm, while

the safety exposure limit remains at a constant value of

20 mJ/cm2 across the entire visible spectrum.25 Thereby, it can

be expected that optoacoustic imaging with this air-coupled

transducer approach in the visible wavelength range could be

potentially performed with much fewer averages or none at

all, in cases where only limited penetration depth is desired.

Another potential concern that should be addressed is the

axial resolution, which is inversely proportional to the detec-

tion bandwidth of the transducer.26 Typically, immersion-

based focused ultrasound transducers can be efficiently

designed to achieve sensitive and broadband detection at

relatively high frequencies, yielding good axial resolution

performance. The air-coupled transducers employed in this

work are characterized by a very narrow detection band-

width, which significantly compromises the axial resolution

performance.

Several important next steps that are required before this

non-contact optoacoustic imaging method can be employed

in pre-clinical and clinical uses include optimization of the

geometry of the detector and frequency response, validating

the feasibility to image real biological targets, and accelera-

tion of the image acquisition time with multi-element

arrays.11,27 Optoacoustic tomographic approaches may also

be possible with air-coupled transducers. In this context,

arrays of air-coupled transducers have been so far developed

for non-destructive testing applications,28,29 yet their per-

formance for optoacoustic imaging needs to be verified.

For imaging real biological tissues and blood vessels, one

would need to achieve a good balance between the SNR and

imaging depth. In addition, multi-spectral imaging may be

employed to improve detection sensitivity and to determine

blood oxygen saturation. The latter aspect is important in

clinical practice30 and the non-contact nature of the sug-

gested approach may facilitate emergence of clinical applica-

tions of optoacoustics.

In conclusion, non-contact optoacoustic imaging with

air-coupled transducers in tissue-mimicking phantoms was

demonstrated herein. These results suggest that optoacoustic

systems can be designed with this detection technology, and

the important advantages derived from the non-contact nature

of this approach are expected to expand applicability of optoa-

coustic imaging in biological research and clinical practice.
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