
Non-contact optoacoustic imaging by raster scanning a
piezoelectric air-coupled transducer
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ABSTRACT

Optoacoustic techniques rely on ultrasound transmission between optical absorbers within tissues and the mea-
surement location. Much like in echography, commonly used piezoelectric transducers require either direct
contact with the tissue or through a liquid coupling medium. The contact nature of this detection approach
then represents a disadvantage of standard optoacoustic systems with respect to other imaging modalities (in-
cluding optical techniques) in applications where non-contact imaging is needed, e.g. in open surgeries or when
burns or other lesions are present in the skin. Herein, non-contact optoacoustic imaging using raster-scanning
of a spherically-focused piezoelectric air-coupled ultrasound transducer is demonstrated. When employing laser
fluence levels not exceeding the maximal permissible human exposure, it is shown possible to attain detectable
signals from objects as small as 1 mm having absorption properties representative of blood at near-infrared wave-
lengths with a relatively low number of averages. Optoacoustic images from vessel-mimicking tubes embedded
in an agar phantom are further showcased. The initial results indicate that the air-coupled ultrasound detection
approach can be potentially made suitable for non-contact biomedical imaging with optoacoustics.

Keywords: Optoacoustic imaging, photoacoustic imaging, raster-scan, non-contact imaging, air coupled trans-
ducers.

1. INTRODUCTION

Optical contrast arguably represents the most powerful means to interrogate biological tissues, where different
methods based on fluorescence, bioluminescence, absorption or reflection can provide information at the func-
tional and molecular levels.1 Also, being optical excitation non-ionizing, no strong safety concerns apply in a
clinical environment. The spatial distribution of optical properties at depths up to a few centimeters within
biological tissues can be imaged with epi- and trans-illumination schemes. However, these methods are gener-
ally inadequate due to the ill-posed nature of the mathematical inversion procedure.2–4 Furthermore, strong
scattering in biological tissues severely limits the achievable resolution for depths beyond the diffusive limit of
light.5

The limitations of pure optical imaging techniques have shifted the research efforts in biomedical optics to the
development of optoacoustic (photoacoustic) techniques, which preserve rich optical absorption contrast while
providing higher (ultrasound) resolution.6–8 Optoacoustics has enabled novel applications in biomedical research
with small animals9–12 and especially-designed systems have been recently developed for the clinical translation
of this modality.13–16 One of the main hardware limitations associated to optoacoustic techniques stems from
the fact that ultrasound transmission between optical absorbers within tissues and the measurement location is
needed. Thereby, much like in echography, commonly used piezoelectric transducers require either direct contact
with the tissue or through a liquid coupling medium. The contact nature of this detection technology represents
then a disadvantage of optoacoustics with respect to other imaging modalities (including optical techniques) in
applications where non-contact imaging is needed, e.g. in open surgeries or when burns or other lesions are
present in the skin.
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Figure 1. (a) Layout of the experimental setup. (b) Optical density of oxygenated (HbO2) and deoxygenated (Hb)
hemoglobin for a typical concentration of 150 g/l in blood as a function of the optical wavelength.

Detection of optoacoustically-induced ultrasound waves from remote locations is possible with optical methods
such as interferometry or beam deflection.17, 18 These techniques are based on the measurement of surface
displacement, so that no further ultrasound propagation is required. However, surface heterogeneities can hamper
the applicability of these methods for imaging actual biological tissues. Another technology allowing non-
contact ultrasound detection is based on air-coupled transducers. Air-coupled transducers have been designed
to overcome the huge acoustic impedance mismatch between air and the ultrasonic sensing element. In the case
of low and medium ultrasonic frequencies, micro-membrane capacitance transducers are the best choice.19, 20

At frequencies higher than 1 MHz, piezoelectric transducers adapted to air by using microporous coupling
layers are more convenient as, having good sensitivity, focused apertures and array configurations can be easily
made.21 The feasibility of detecting optoacoustic signals with air-coupled transducers has been demonstrated,22

although no discussion was provided on the applicability to image actual samples. Herein, we discuss on the
feasibility of optoacoustic imaging with focused air-coupled transducers in realistic situations where the light
fluence is maintained below safety standards and for an optical absorption equivalent to that of blood, the main
endogenous absorber in biological tissues generating optoacoustic contrast.

2. MATERIALS AND METHODS

2.1 Experimental setup

The experimental system employed was described in Ref. 23. The lay-out of the system is depicted in Fig. 1.
Basically, a phantom consisting of an agar block containing ink channels with different diameters was imaged.
The thickness of the phantom was approximately 1 cm and the ink channels were located at a shallow depth
(approximately 500− 1000 µm) within the phantom, where optical illumination was provided from the opposite
side. Specifically, an optical parametric oscillator (OPO)-based laser was used (Innolas Laser GmbH, Krailling,
Germany). The light beam was guided through a custom-made fiber bundle (CeramOptec GmbH, Bonn, Ger-
many) and set to a wavelength of 750 nm for optimal power at the sample (12 mJ at the output of the fiber
bundle). The output of the bundle was positioned in close proximity to the surface of the phantom, so that the
diameter of the light beam at the ink rod was approximately 9 mm, i.e., the energy density was approximately
20 mJ/cm2. A spherically-focused air-coupled transducer with 20 mm diameter and 25 mm focal distance was
positioned on the opposite side of the fiber bundle in a trans-illumination scheme as depicted in Fig. 1. The
transducer has a central frequency of 800 kHz and a −6dB bandwidth of 400 kHz. The phantom was attached
to a platform allowing raster-scanning along the x and y directions. The optoacoustic signals were digitized with
an embedded acquisition card with 10 MSPS and 12 bit vertical resolution (AlazarTech, ATS9351).
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Figure 2. Experimental results. (a) Actual photograph of the phantom. (b) and (c) Optoacoustic image of the phantom
obtained by raster-scanning an air-coupled transducer with 10 and 1000 averages respectively. The actual size of the
image is 12.3 × 7.5 mm2. (d) and (e) Optoacoustic signals for the transducer position P1 marked in (c) for 10 and 1000
averages respectively. (f) and (g) Optoacoustic signals for the transducer position P2 marked in (c) for 10 and 1000
averages respectively.

2.2 Imaging experiment

In order to demonstrate the imaging capability by raster scanning an air-coupled transducer, the phantom was
scanned along the x and y directions as mentioned in section 2.1. The phantom contained ink channels with
diameters 0.5 and 1 mm and 10 optical density arranged as shown in Fig. 2a. The optical absorption coefficient
µa (in cm−1) is given by µa ≈ 2.3A/l, being A the optical density and l = 10 mm the length of the cuvette
where it is measured. As a reference, the optical absorption coefficient of hemoglobin for a realistic concentration
of 150 g/l in blood is displayed in Fig. 1 for different wavelengths. The scanning was performed with a step of
0.3 mm covering a total area of 12.3 × 7.5 mm2. The acquired signals were also filter with 600 and 1000 kHz
cut-off frequencies. A two dimensional image was formed by considering the peak-to-peak amplitude of the
signals in a narrow time window of 12 µs around the focal spot for the filtered signals.

3. RESULTS

The resulting images obtained by raster scanning the air-coupled transducer are displayed in Figs. 2b and 2c when
considering 10 and 1000 averages respectively. A good correspondence with the actual absorption distribution
(Fig. 2a) is observed, with improving image quality as the number of averages is increased. The optoacoustic
signals for the two scanning position P1 and P2 marked in Fig. 2c are also shown. Figs. 2d and 2e display the
optoacoustic signals for P1 when taking 10 and 1000 averages respectively. A signal-to-noise ratio (SNR) increase
is clearly observed for a higher number of averages. On the other hand, Figs. 2f and 2g display the optoacoustic
signals for P2 when taking for 10 and 1000 averages respectively. In this case, a sufficiently high SNR is achieved
with 10 averages, which indicates the feasibility to image certain structures without subtantially increasing the
number of averages.
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4. DISCUSSION AND CONCLUSIONS

The showcased results demonstrate the basic feasibility to form optoacoustic images by raster scanning air-
coupled transducers. The experiments performed are representative of actual biological samples as the energy
density was kept below safety exposure limits and the optical absorption coefficient of the structures imaged is
in the same order as that of blood. The penetration capability of this methodology in real tissues still needs to
be determined. On the one hand, light penetration is maximized by using optical wavelengths in the so-called
near-infrared window of light (≈ 650 − 900 nm). The optical density of blood is minimized in this range, so
that a large number of averages may be required for rendering representative images. On the other hand, the
optical density of blood substantially increases for wavelengths in the visible range (400-630nm), reaching values
above 1000 cm−1, whereas the safety exposure limit remains at 20 mJ/cm2. It was shown that it was possible to
detect optoacoustic signals generated by absorbers with a lower absorption coefficient, even with a low number
of averages. In this way, in this spectral range it seems feasible to perform a raster scan of superficial structures
in a relative short time. The penetration depth however is limited for wavelengths in the visible range and also
needs to be further analyzed.

Several important next steps from this work are the optimization of the set-up, improvement of the ac-
quisition time and application to image actual biological tissues. Regarding the hardware implementation, an
epi-illumination scheme seems to be the next natural step to consider, but other tomographic approaches based
on acquiring signals at several locations around the imaging sample may also be studied. On the other hand,
optimization of the hardware can also lead to a higher SNR of the collected signals and hence to a lower scan-
ning time. The acquisition time can also be optimized by using transducers arrays, which enable real-time
optoacoustic imaging for inmersion transducers.24, 25 Arrays of air-coupled transducers have been developed for
non-destructive testing applications26, 27 and their performance in optoacoustic imaging needs to be analyzed.
Finally, although the phantom results anticipate the feasibility to image blood vessels, the applicability for
imaging actual tissues needs to be studied. For this, selection of the proper wavelength(s) to guarantee a good
trade-off between SNR and imaging depth is an important issue to consider. Also, by imaging at more than one
wavelength, it may be possible to determine the blood oxygen saturation. This is important in many clinical
applications28 and the non-contact nature of the suggested approach may facilitate the clinical translation of the
optoacoustic technology.

In conclusion, optoacoustic imaging with air-coupled transducers in tissue-mimicking phantoms was demon-
strated herein. It is anticipated that new 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 the
applications of the optoacoustic technology in biological research and clinical practice.
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