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Abstract 

Ultrasonic measurement technology has become indispensable in NDT-CE. Air-coupled ultrasonic (ACU) 
measurement techniques promise to reduce measurement time. However, the signal quality suffers from large 
specific impedance mismatch at the transducer-air and air-specimen interface. Additionally, large pressure 
amplitudes are necessary for the penetration depth required in NDT-CE applications. 
To address the specific requirements of ultrasonic testing in NDT-CE, a robust ACU transducer was developed, 
that generates ultrasound by quickly switching a pressurized air flow. The simple design of the fluidic transducer 
makes the device maintenance free and resilient against harsh environmental conditions. Since the signal is 
generated by aeroacoustics, there is no specific impedance mismatch between the transducer and the surrounding 
air. The ultrasonic signal exhibits frequencies in the 30-60 kHz range and is therefore well suited to penetrate 
heterogenous materials such as concrete. This contribution gives an introduction in the working principle and 
signal characteristics of the fluidic transducer. Its applicability to measurements in concrete is verified. A detailed 
outlook is given to discuss the future potential of fluidic ultrasonic actuators. 
Keywords: air-coupled ultrasound, nondestructive testing, fluidics, bistable amplifier, aeroacoustics 

1 Introduction 

Ultrasonic testing is a common measurement technique in nondestructive testing of materials 
[1], including applications in civil engineering (NDT-CE) [2]. Due to broad variety of material 
and structural properties encountered in NDT-CE, various restrictions exist concerning the 
choice of wave properties used for the measurements. Concrete, the most widely used building 
material [3, 4], has a heterogeneous structure that consists of its cement matrix as well as 
aggregates and pores [5]. These heterogeneities cause scattering of acoustic waves that are 
coupled into the specimen, which increases with decreasing wavelength of the ultrasonic signal 
[6]. In order to retain a sufficient signal-to-noise ratio (SNR) for time-of-flight (TOF) 
measurements, the frequency of the signal applied in NDT-CE applications is limited to the 
lower ultrasonic range, commonly between 20 kHz and 150 kHz [7]. In this range, the 
wavelength is usually smaller than the dimensions of the specimen but larger than the 
inhomogeneities. Typical tasks in which ultrasonic testing is applied consider macro-scale 
properties of a specimen (e. g. thickness determination and detection of reinforcements or 
faults) or nano-scale properties of the material (e. g. the elasticity or water content) [8, 9]. When 
these tests are conducted at an existing structure, the travel path of the wave can be in the range 
of tens of centimeters up to several meters [8]. In addition to limiting the applicable wave types 
to bulk waves in many cases [2], the large dimensions of the specimens require the insertion of 
large acoustic amplitudes to compensate for attenuation due to scatter and absorption [6, 10]. 
The current state-of-the-art of ultrasonic testing is the use of dry point contact transducers that 
are pressed onto the specimen surface and can generate either longitudinal or shear waves into 
the specimen [2]. Using this approach, a considerable amount of the total measurement time is 
consumed by the relocation of the transducer head for each measurement point.  
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The use of air-coupled ultrasound (ACU) for ultrasonic testing is considered as a strategy to 
speed up measurements. However, the adoption of ACU is still restricted due to several 
challenges involved, one of them is the low amount of acoustic pressure entering the specimen. 
In ACU, the signal is generated by a transducer that is not in direct contact with the specimen 
but separated by an air gap. This intermediate layer of air has a strong impact on the acoustic 
pressure transmitted from the transducer to the specimen. Due to the large difference of specific 
acoustic impedances the transmission coefficient amounts to only −37.5 dB at the air-specimen 
interface [11] and −11.2 dB to −17.5 dB at the transducer-air interface [11, 12] of piezoelectric 
transducers. While the losses at the specimen interface are inevitable due to the measurement 
setup, the transducer interface offers potential to reduce the acoustic pressure losses and thus 
provides the signal amplitudes required in NDT-CE. 
 
As part of the OsciCheck project at the Federal Institute for Materials Research and Testing 
(BAM), a novel transducer was developed that uses aeroacoustic mechanisms to generate an 
ultrasonic signal. The principal concept of this approach is to use aerodynamic instabilities 
instead of vibrating solids to generate sound. As a result, differences in specific acoustic 
impedance at the transducer-air interface are omitted to enable higher sound pressures entering 
the specimen. This contribution presents the working principle and signal properties of the 
fluidic transducer as well as suggestions on possible future applications. 
 

2 Fluidic Transducer 

Fluidics, a combination of the words fluid and logic, is a field of technology that is concerned 
with use of “fluid interactions to perform functions of sensing, logic, amplification, signal 
transmission, signal conditioning and control” [13], largely without the use of moving parts. At 
the time of its emergence in 1959, it was envisioned as an alternative to electronics and was 
developed rapidly in the 1960s and 1970s [14]. As it became clearer that fluidics could not keep 
pace with electronics development, it was largely abandoned [15]. Today, its main 
developments concern flow control for aerodynamic applications [16-18]. Nonetheless, the 
advantages of fluidic technology that drove their development in the past remain valid: Since 
the functions of fluidic devices are driven by fluid flow within static solid boundaries without 
electronics, they are virtually maintenance free, robust against shock and vibration, and 
operable in harsh environments, including those with extreme temperatures or radioactivity 
[14]. This robustness makes fluidics a promising platform for applications in NDT-CE. 

2.1 Working Principle 

The fluidic transducer is based on a bistable fluidic amplifier developed by Bobusch [19]. 
Figure 1a-d show the working principle of this basic fluidic device. If a pressurized fluid flow 
– air in our case – is attached to the supply port (S) of a bistable amplifier, the flow attaches to 
one of the side walls and exits through one of the two outlet ports (O1 and O2). The initial state 
of the device, i.e. the initially active outlet, can be forced by applying additional pressurized air 
to one of the control ports (C1 and C2), in Figure 1a it is C2. Due to the Coandă effect, the main 
flow stays attached to the side wall and continues to exit through the outlet port, even if the 
control flow is turned off (Fig. 1b). When pressurized air is applied to the opposite control port 
(C1 in Fig. 1c), the main flow switches rapidly from O2 to O1, attaches to the opposite side 
wall of the device and again reaches a stable state (Fig. 1d).  
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Figure 1: (a)-(d) Switching process of a bistable fluidic amplifier. Adapted from Ref. [20]. (e) Internal 
geometry of the fluidic transducer. S – supply port, C1 – control port 1, C2 – control port 2, O1 – outlet 
1, O1 – outlet 2. Adapted from Ref. [21]. 
 
It is during this switching process that an ultrasonic pulse is generated and leaves the device 
through the outlet ports. This pulse is then followed by an air jet of near-sonic velocity, exiting 
the device [20, 22]. Figure 1e shows internal channels of the fluidic ultrasonic transducer, which 
are closed using a cover plate. The air enters S through the cover plate, while the control and 
outlet ports are threaded to attach connectors. In fluidic transducer operation, the stable flow 
states are defined as on and off, when the flow is exiting through O1 or O2, respectively. To 
reduce flow noise during off state, a silencer is attached to O2. For improved radiation 
impedance matching and enhancement of directivity of the pulse generated while switching on, 
an exponential horn is attached to O1 [23]. As a side effect, the horn acts as a diffuser for the 
air flow, so that its velocity is reduced and with it the risk of damaging the surface in case of 
soft materials instead of concrete, which otherwise could only be achieved by separating the 
propagation directions of flow and sound [24]. While S is supplied with constant pressurized 
air, C1 and C2 are controlled using solenoid valves, as outlined in Ref. [25]. 

2.2 Signal 

Figure 2a shows a typical signal generated by the fluidic transducer with an attached 
exponential horn during a switching cycle in time domain. These data were acquired using a 
calibrated microphone (MK301, Microtech Gefell, Germany) on the acoustic axis of the 
transducer, 50 mm from it’s the horn mouth. The waveform starts with low amplitude flow 
noise in the steady off state (ref. Fig. 1b). As the transducer switches on (ref. Fig. 1c), a strong 
acoustic pulse is generated, followed by a time interval of higher amplitude flow noise in the 
stable on state (ref. Fig. 1d). When switching off again, a secondary pulse is emitted, before the 
flow settles again at steady off state. In frequency domain (Fig. 2b), the about 2 ms interval of 
switching on, features three distinct ultrasound peaks at 30 kHz, 43 kHz, and 57 kHz. These 
values are averages of 40 recorded pulses, while each has slightly varying frequency content 
due to their origin in turbulent flow [21]. 
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Figure 2: (a) Exemplary time signal of a fluidic transducer pulse with the switching process highlighted. 
(b) Averaged spectra during the various stages of the switching process. 

3 Transmission Measurements 

The applicability of the fluidic transducer for ultrasonic measurements was assessed at a 
stepped concrete test specimen featuring thicknesses of ranging from 80 mm to 240 mm in 40 mm steps (Fig. 3a). To enable fully non-contact TOF measurements, a novel all-optical 
measurement technique [26] was used, that is sketched in Figure 3b. In this method, two laser 
Doppler vibrometers (LDV) are used. The first LDV is placed between transducer and 
specimen, perpendicular to the specimen surface, and is operated in refracto-vibrometry (RV) 
mode [27, 28]. The second LDV is pointed at the back of the specimen and records the particle 
velocity at the specimen back surface caused by the transmitted ultrasonic pulse. When an 
acoustic signal is emitted by the transducer, it passes through the beam of the LDV in RV mode 
before reaching the specimen surface. A large portion of the signal is reflected due to the 
impedance mismatch at the interface and a smaller portion enters the specimen. The reflected 
portion of the signal then passes through the same beam again, allowing to find the exact time 
of arrival (TOA) at the specimen surface via autocorrelation. By cross-correlating the signals 
of both LDVs and correcting for this TOA, the TOF of the signal through the specimen is found. 
In addition to being fully contact-free, this method avoids impedance losses of the signal exiting 
the back surface of the specimen as the second LDV is measuring directly at that surface.  
 
The resulting TOF and corresponding longitudinal sound velocities for the different thicknesses 
of the test specimen are shown in Figure 3c. The fluidic ACU results are compared to 
transmission measurements conducted using a 100 kHz longitudinal piezoelectric contact 
transducers (S0208, ACS, Russia) that were coupled to the specimen using petroleum jelly. At 
every measurement point, the air-coupled TOF is higher than the contact TOF, resulting in 
lower calculated sound velocity 𝑐𝐿. The largest difference is found at the thinnest part of the 
specimen, where the TOF difference is 𝜖𝑡 = 4.45 μs, which corresponds to a sound velocity 
difference of  
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Figure 3: (a) Concrete specimen. (b) Fully non-contact measurement setup. The purple arrows indicate 
the in-air sound path, the yellow arrow indicates the path through the specimen. (c) Comparison of 
fluidic and contact results. Bars indicate the TOF, symbols indicate the corresponding calculated 
longitudinal propagation velocity 𝑐𝐿. 
 𝜖𝑐 = 22 %. As the specimen thickness increases, these differences decrease to 𝜖𝑡 = 0.35 μs 
and 𝜖𝑐 = 0.7 %.  

4 Discussion and Outlook 

The results presented in Figure 3c indicate a good agreement between the measurement results 
from the fluidic and contact transducer for larger concrete thicknesses, despite having minor 
deviations. Several factors may cause these differences. When comparing contact and air-
coupled TOFs in concrete, the latter have been found higher by Purnell et al. [29] and Berriman 
et al. [30]. The authors attribute this behavior to a tendency of the air-coupled sound wave to 
couple into the lower impedance cement matrix instead of the aggregates. Additionally, the 
fluidic transducer signal has lower characteristic frequencies than the contact transducer. Given 
the dispersion in concrete [9], the lower frequency waves also have a lower propagation 
velocity. One reason for the large deviations at the thinnest part of the specimen may be the the 
wavelength of the contained frequencies of the fluidic pulse in concrete, that in this case are 
equal or even slightly longer than the specimen thickness. 
 
These presented results indicate that the fluidic transducer is suitable as signal generator for 
ACU measurements in NDT-CE. It generates an air-coupled signal in the lower ultrasonic range 
relevant to NDT-CE that has sufficient acoustic pressure to penetrate at least 240 mm of 
concrete while not requiring a high voltage power supply and being robust against harsh 
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environments that may be encountered in practical measurements. However, the latter is not 
true for equipment required for receiving the data. Albeit allowing highly accurate 
measurements, LDVs are sensitive to vibrations and dusty environments, expensive and 
unhandy. This may restrict the application of the current setup to controlled laboratory 
environments. Future research toward improvement of the fluidic ultrasonic transducer, based 
on a fluidic amplifier, should include: 
 

• The development of alternative measurement setups, that are more robust and may be 
able to be sensitive enough to sense in-air signals after transmission. These might 
include optical microphones [31] or even microphone arrays [32]. 

• Development of a deeper understanding on the sound generation mechanisms inside the 
transducer to decrease pulse length and vary spectral properties. Initial research has 
already been conducted [22]. However, the sensitivity of fluidic amplifiers to every 
change in geometry [33] paired with supersonic flow opens a wide parameters space for 
remarkable optimization. 

• Application of the fluidic transducer in other domains than civil engineering, that feature 
harsh environments such as high temperatures or radiation [34, 35]. 

 
Beyond improvements concerning transducers based on the fluidic amplifier, also fluidic 
oscillators could be used as a source of sound generation. This device largely works like a 
bistable fluidic amplifier, but instead of actively triggering the control ports, self-sustained fluid 
instabilities control the switching [36]. Given constant fluid properties, the resulting flow 
oscillation depends only on the mass flow through the device. This behavior enables the 
generation of chirped signals by applying a mass flow ramp to the oscillator [37]. Using the 
resulting sound for NDT applications has been proposed [37, 38] and is planned to be 
implemented. Preliminary experiments conducted at BAM indicate that simply scaling down 
the geometry presented in [37, 38] increases the output frequency to the ultrasonic range, in 
accordance with theoretical models [39]. However, the frequency increase comes with a 
strongly reduced pressure amplitude due to a downscaled mass flow through the device, so that 
geometry improvements are necessary. 
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