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Open-source, high-throughput ultrasound 
treatment chamber

Abstract: Studying the effects of ultrasound on biological 
cells requires extensive knowledge of both the physical 
ultrasound and cellular biology. Translating knowledge 
between these fields can be complicated and time con-
suming. With the vast range of ultrasonic equipment 
available, nearly every research group uses different or 
unique devices. Hence, recreating the experimental con-
ditions and results may be expensive or difficult. For this 
reason, we have developed devices to combat the common 
problems seen in state-of-the-art biomedical ultrasound 
research. In this paper, we present the design, fabrica-
tion, and characterisation of an open-source device that 
is easy to manufacture, allows for parallel sample sonica-
tion, and is highly reproducible, with complete acoustic 
calibration. This device is designed to act as a template for 
sample sonication experiments. We demonstrate the fab-
rication technique for devices designed to sonicate 24-well 
plates and OptiCell™ using three-dimensional (3D) print-
ing and low-cost consumables. We increased the pressure 
output by electrical impedance matching of the transduc-
ers using transmission line transformers, resulting in an 
increase by a factor of 3.15. The devices cost approximately 
_220 in consumables, with a major portion attributed to 
the 3D printing, and can be fabricated in approximately 
8 working hours. Our results show that, if our protocol is 
followed, the mean acoustic output between devices has 
a variance of  < 1%. We openly provide the 3D files and 

operation software allowing any laboratory to fabricate 
and use these devices at minimal cost and without sub-
stantial prior know-how.
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Introduction
Ultrasound is well known for its diagnostic uses, for 
example, in foetal scanning and industrial non-destructive 
testing. Nevertheless, it is also used in a further vast range 
of research fields, such as chemistry, oil and gas prospect-
ing, nanotechnology, and aquatic zoology [2, 19, 20, 26]. 
Ultrasound is also commonly used in modern therapy, 
for example, in physiotherapy [9] to heat deep tissue and 
disrupt kidney stones [5]. More recent developments in 
therapeutic ultrasound are focused ultrasound surgery [15] 
and ultrasound-mediated drug and gene delivery [3, 13, 23].

Studying the effects of ultrasound on biological cells 
requires extensive knowledge of both the physical ultra-
sound parameters and cellular biology. To date, a major-
ity of biology- and physics-related research, especially in 
in vitro studies, has a paucity of content in either one of 
the fields, making it difficult to recreate the experimen-
tal conditions and subsequently the results. Although 
there are several commercial devices available (such as 
the Sonidel SP100 [17] or Sonitron 2000 [11]), they all 
require re-calibration and there is limited control on the 
acoustic conditions. Some solutions use extremely expen-
sive devices, such as 1000-element three-dimensional 
(3D) phased arrays [6], treat a single well at a time, con-
taminating the ultrasound transducer [14] and have low 
throughput [7], are not open-source to allow system rep-
lication [18], or in certain cases, work in the near field of 
the ultrasound transducer and simply do not calibrate 
the sound field [16]. Having a readily available open-
source device will open the field of ultrasound-mediated 

*Corresponding author: Spiros Kotopoulis, National Centre for 
Ultrasound in Gastroenterology, Haukeland University Hospital, 
Jonas Lies vei 65, 5021 Bergen, Norway, E-mail: Spiros.Kotopoulis@
helse-bergen.no; and Department of Physics and Technology, 
University of Bergen, Allégaten 55, 5007 Bergen, Norway
Torstein Yddal: National Centre for Ultrasound in Gastroenterology, 
Haukeland University Hosptial, Jonas Lies vei 65, 5021 Bergen, 
Norway; and Department of Physics and Technology, University of 
Bergen, Allégaten 55, 5007 Bergen, Norway
Sandy Cochran: Institute for Medical Science and Technology, 
University of Dundee, Wilson House, 1 Wurzburg Loan, Dundee DD2 
1FD, UK
Odd Helge Gilja: National Centre for Ultrasound in Gastroenterology, 
Haukeland University Hosptial, Jonas Lies vei 65, 5021 Bergen, 
Norway; and Department of Clinical Medicine, University of Bergen, 
Jonas Lies vei 65, 5021 Bergen, Norway
Michiel Postema: Department of Physics and Technology, University 
of Bergen, Allégaten 55, 5007 Bergen, Norway

Unauthenticated
Download Date | 5/6/16 3:08 PM



78      T. Yddal et al.: Open-source, high-throughput ultrasound treatment chamber

research to many more laboratories that could currently 
not perform such research due to either cost or complex-
ity. Hopefully, more researchers in the field of ultrasound-
mediated therapy will help further our understanding 
and the possibilities of such a therapeutic modality. For 
these reasons, we have developed devices to combat the 
common problems seen in state-of-the-art biomedical 
ultrasound research, helping produce a tool that is reli-
able, reproducible, and can help reduce the complexity 
during experimental and common laboratory errors.

These devices have to be easy to use by someone with 
limited or no knowledge of ultrasonics, compact enough 
to fit in a sterile environment, low cost, able to work with 
existing biological hardware products, e.g., 24-well plates 
or OptiCells™, allow high throughput, yet easy to modify 
for mounting the different apparatus such as Eppendorf 
tubes or Petri dishes. In addition, it is important that 
these devices can be manufactured easily in a labora-
tory with basic equipment, without the need of extensive 
skills and knowledge, and that the results are repeatable, 
notwithstanding the small inherent variations of custom 
manufacturing.

Ideally, these devices should be open-source, allow-
ing anyone to fabricate, modify, and use them.

This paper describes an open-source ultrasound treat-
ment chamber for parallel sonication of six samples, com-
pliant with a vast range ultrasound driving equipment, 
i.e., waveform generators and amplifiers, using a simple, 
“one-button” interface.

Material and methods
Design

Figure 1 shows a computer-aided design (CAD) of the two devices 
designed for cell sample sonication. Both devices were designed with 
six ultrasound transducers, allowing simultaneous treatment of six 
samples. Both devices are based on the same template.

Device A was designed for acoustic treatment of both floating 
cells and adherent cells. It is based on a 24-well plate. This plate was 
chosen because it allows sufficiently large samples to be treated and 
subsequently physically separated for evaluation. It also ensures that 
there is no mixing between samples, so that different test conditions 
can be evaluated simultaneously. In this device, the transducers are 

Figure 1 Computer generated renderings of prototype devices. Cutaway diagram showing assembly of ultrasound sonicators for 24-well 
plates (A and B) and OptiCellsTM (C and D) including the acoustic pressure fields. (B and D) Top view and position of the ultrasound transduc-
ers for both devices. In the OptiCellTM sonicator, the ultrasound transducers have been places substantially closer.
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arranged in such a way that their acoustic foci are aligned with the 
vertical centres of the plates (Figure 1B). The height of the extension 
frame ensures the acoustic focus is exactly in the centre of the plate. 
The device is designed to place the plate inverted. The top of the plate 
is covered with a self-adhering thin membrane (TopSeal™-A; Perkin 
Elmer, Waltham, MA, USA) measured to have  < 1% pressure atten-
tuation at 1 MHz. By positioning the 24-well plate upright, adherent 
cells can be used, as the acoustic foci will align with the base of the 
plate. In such cases co-treatment experiments can be performed with 
different chemicals in each well with the same ultrasound in each 
well. Device B was designed for the treatment of adherent cells and 
is based on an OptiCell™. An OptiCell™ was chosen for its versatil-
ity and acoustic compliance. OptiCells™ are 10-ml chambers, where 
the upper and lower walls are made of  < 100-mm-thick polystyrene 
membranes, resulting in negligible acoustic attenuation when sub-
merged and filled with water [4]. Using an OptiCell™, the same cell 
culture can be treated simultaneously and then evaluated using any 
desired method. Furthermore, after treatment, the membrane can be 
cut, allowing samples to be evaluated separately.

In device B, the transducers were placed closer together than 
in device A (Figure 1D) so as the acoustic focus lies within the mem-
brane area, with minimal acoustic interference. Here, the extension 
frame was substantially longer allowing acoustic propagation into 
the far field. A carriage frame was used to lower and accurately align 
the OptiCell™ in the acoustic focus.

The distance of the acoustic focus (z) was determined by [21]

	

2

,
4
D fz
c

=
�

(1)

where D is the diameter of the piezoelectric element, f is the centre 
frequency transmitted, and c is the speed of sound in the propaga-
tion medium.

Frame fabrication

The plastic frames were fabricated using a ProJet 1500 3D printer (3D 
Systems, Rock Hill, SC, USA). To ensure a correct fit, test pieces were 
printed to determine the accuracy of the 3D printer. It was determined 
that holes were printed 0.3 mm smaller, and extrusions were printed 
0.2 mm larger than designed. These tolerances were then imported 
into the 3D model, and an additional 0.5  mm was added between 
components, resulting in smooth non-interfering assembly. When 
exporting the 3D design as and STL file for printing, it was essential 
that the resolution of the file was set to 0.01 mm or less in deviation 
and 5° or less in angle. This was necessary to ensure all boundaries 
were printed at the highest resolution and accuracy.

Each component required 5–8  h to print. Initial setup takes 
approximately 15–30 min to check the correct orientation and sup-
port location. It was found to be paramount to orientate the compo-
nent correctly so the printing support structures were not placed on 
critical surfaces, e.g., transducer holes or inner walls. Once the 3D 
print was complete, 30  min of post-processing, cleaning, and final 
curing of the frame components was required. A further 30 min was 
required to safely break the supports away and sand the surface. 
Sanding was performed in two stages: stage 1, dry sanding with a 
mechanical sander (MS800B Mouse; Black & Decker, New Britain, 
CT, USA), and stage 2, wet sanding by hand using P180 grit sandpaper 
(3M, St. Paul, MN, USA).

Both devices were designed to allow all transducers to be driven 
either simultaneously or independently via a simple connector. For 
this reason, a DB-25 connector was used for the transducer interface. 
The female connector was attached to the device. All transducers 
were independently connected but with a common earth. Within 
the casing of the male connector, all six transducers could be inter-
connected, or six independent cables could be used. This allows for 
maximum connection and transducer driving flexibility.

The frames can be manufactured using any process, whether 3D 
printing or computer numerical control (CNC) machining, as long as 
the material is watertight and water-resistant.

All devices were designed in SolidWorks 2013 (Dassault Sys-
tèmes SolidWorks, Waltham, MA, USA).

Ultrasound transducers

The ultrasound transducers were based on ∅15-mm, 2-mm thick, PZ26 
Navy Type I, lead zirconate titanate (PZT) discs, with screen-printed 
silver electrodes (Meggit PLC, Christchurch, UK). For the transducer 
cases, 17-mm-inner diameter (ID), 25-mm-outer diameter (OD), 
25-mm-long cylinders were used. The piezoelectric elements were 
connected to the inner core of RG178/U coaxial cable, and the cases 
were connected to the shielding using conductive silver-loaded epoxy 
(Oxford Instruments, Abingdon, UK). Backing and encasing material 
consisted of K1 glass bubbles (3M) mixed with EpoFix epoxy (Struers, 
Ballerup, Denmark) at a w/w ratio of 8–9:1, respectively. At this ratio, 
the glass bubble/epoxy mixture was still thin enough to pour into the 
transducer and fill small gaps. Increasing the w/w ratio results in a 
thick paste, requiring the backing to be forced into place, typically 
dislodging cables or damaging elements. Our ratio results in a back-
ing with density of 0.6 g/cm3. Once the backing was poured into the 
transducer case, the transducers were placed in a vacuum chamber 
and were vacuum cycled 20 times between 0.5 mbar and atmospheric 
pressure every 20 s, removing any trapped air pockets and ensuring 
that the transducers were homogeneously held in place. Conductive 
paint was used to connect the front electrode surface to the case. The 
assembly protocol of the transducers has been thoroughly described 
previously [12]. Figure 2 shows a cutaway of an assembled ultrasound 
transducer assembled with this protocol. The ultrasound transducers 

Coaxial cable

Aluminum case

Piezo electric 
element

Silver epoxy

Silver paint

Glass bubble and
epoxy mixture 

Figure 2 Cutaway diagram showing components and assembly of 
the ultrasound transducers. The front face of the transducer has 
been connected to the earth via the case. This ensures a smooth 
front surface with no electrodes. A low-density glass bubble and 
epoxy mixture has been used as backing to support the piezo 
element with minimal damping.
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were bonded to the frame using EpoFix epoxy (Struers A/S). Trans-
ducers can be interchangeable using polytetrafluoroethylene (PTFE) 
tape to seal the transducers in the base plate.

Electrical impedance matching

For maximum efficiency, the electrical impedance of the ultrasound 
was checked and matched to the characteristic impedance of the 
driving source, i.e., 50 Ω in the present work. The electrical imped-
ance was measured using a TE1000 (TrewMac, Adelaide, Australia). 
Impedance is typically measured in the Cartesian form with real and 
imaginary components, i.e.,

	 ,Z R jX= + � (2)

where R is the real impedance and jX is the imaginary impedance. 
The amount of electrical reflection (Γ) is calculated by
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where Z is the transducer impedance and Z0 is the characteristic 
impedance, typically 50 Ω. Hence, the reflection can be calculated 
by combing Eqs. 2 and 3, grouping the real and imaginary parts, and 
conjugating the result to give
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The magnitude of the reflection coefficient (δ) in polar form indi-
cates the amount of electrical reflection from the transducer as a frac-
tion and can be calculated with
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Hence, δ = 1 indicates 100% reflection and δ = 0 indicates 0% 
reflection and thus perfect impedance matching.

To match the ultrasound transducers, unbalanced transmission 
line transformers were used as these have very low losses, 0.02–0.04 dB. 
The flux is effectively cancelled out in these transformers, minimising 
heating during operation. Because they require only a few turns, they 
are extremely easy to construct [25].

The transmission line transformers were based on 12.5-mm-OD, 
8.0-mm-ID, 6.5-mm-tall ferrite toroids (Amidon Associates, Costa 
Mesa, CA, USA) and 28-AWG, 7-core wire with 250-mm insulation.

Acoustic field characterisation

The ultrasound fields generated by these two devices were calibrated 
using a custom-made, automated, and closed-loop 3D scanning 
system. The scanning system had an accuracy of 30 mm with a repeat-
ability of  < 2.5 mm and with a resolution of 0.4 mm. A calibrated 200-mm 
polyvinylidene fluoride (PVDF) needle hydrophone (Precision Acous-
tics, Dorset, UK) was used to measure the acoustic pressures. The 
axial propagation direction was denoted as the z-axis, and the lateral 
and elevation directions were denoted as x and y, respectively. Dur-
ing the calibration process, all elements in the device were driven 
simultaneously using a five-cycle tone burst generated by an AFG3002 

function generator (Tektronix, Beaverton, OR, USA) connected to a 
2100L, 100-W, RF power amplifier (Electronics & Innovation, Roches-
ter, NY, USA) via a -20-dB attenuator to simulate true working condi-
tions. The devices were calibrated in a free field, i.e., only the base 
plate, without the OptiCell™ or 24-well plates in place. The embedded 
RMS power meter in the RF amplifier was used to measure the forward 
and reflected powers. The results from the RMS power meter were also 
used to measure the effectiveness of the impedance matching.

The centre frequency was determined by placing the transducer 
at a planar target and excited using a tone burst over a range of fre-
quencies. The ratio of the transmitted to received signal determined 
the sensitivity. The centre frequency, fc, was determined by

	
u l

c l

-
,

2
f f

f f
 

= +   �
(6)

where fu is the upper frequency limit and f1 is the lower frequency 
limit. The upper and lower frequency limits were determined by the 
corresponding value -3  dB from maximum sensitivity. The trans-
ducer bandwidth, BW, percentage bandwidth,%BW, and mechanical 
quality factor, Qm, were calculated by

	 u l- ,BW f f=
� (7)

	 c
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The mechanical quality factor indicates the degree of damping 
in the transducer. A high Qm typically indicates higher acoustic 
output. A low Qm indicates high internal damping, hence broader 
bandwidth and less ringing [21].

Nonlinear propagation is a critical phenomenon that can affect 
the maximum output of an ultrasound transducer at a desired fre-
quency. As the nonlinearity increases with the acoustic pressure and 
harmonics are formed, the acoustic energy gets transferred to these 
higher harmonics. As attenuation is substantially greater at higher 
frequencies, there is a maximum limit to the acoustic pressure. As the 
transient wave propagates, the energy is transferred to the positive 
components of the waveforms. The more nonlinear the acoustic wave, 
the larger the difference [22]. Hence, the nonlinearity ratio, NLR, was 
evaluated by

	

peak-positive

peak-negative

1 ,
P

NLR
P

= +
�

(10)

where Ppeak-positive is the peak-positive pressure and Ppeak-negative is the 
peak-negative acoustic pressure. The higher the NLR, the more non-
linear the acoustic propagation. All measurements were performed in 
distilled, deionised, and degassed water and calibrated based on the 
ASTM and International Electrotechnical Commission guidelines [1, 8].

Statistics

All statistics were performed using Prism v5.0a (GraphPad Software, 
La Jolla, CA, USA). An unpaired Student’s t-test was used to compare 
the outputs of the devices. The results were considered statistically 
significant when p  ≤  0.05.
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Results
Electrical impedance matching

At the primary resonance, the mean impedance of the 
transducers was 109( ± 13)Ω+j50( ± 11)Ω at 1.01  MHz and 
76( ± 24)Ω+j50( ± 21)Ω at 0.96  MHz for devices A and B, 
respectively. Hence, for optimum electrical matching to 
50 Ω, a transformer with an impedance ratio of 2.25:1 was 
required. Figure 3A and B shows the schematic of two 
types of transmission line transformers used for this appli-
cation. Both transformers were trifillar, with seven turns. 

Transformer A was based on the W2FMI-2.25:1-HU50, while 
transformer B was based on the W2FMI-2.25:1-HU112.5 [24] 
Figure 3C shows the wiring diagram for independently 
connecting all transducers.

Figure 4 shows the effect on δ of impedance matching 
using transmission line transformers. In device A, prior to 
impedance matching, the reflection coefficient was 0.45; 
after impedance matching, this dropped 0.19. Combining 
all six transducers together showed a further drop to 0.09, 
but a slight frequency shift to 1.08 MHz was also observed.

In device B, prior to impedance matching, the reflec-
tion coefficient was 0.46. After impedance matching, this 
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amplifier (C) showing the independent connection of each transducer in the case. All transducers can be driven simultaneously via an inter-
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A

B

Figure 4 Electrical reflection coefficient as a function of frequency 
for both devices, with and without impedance matching. Mean polar 
reflection magnitude (δ) as a function of frequency for the 24-well 
plate (A) and the OptiCellTM sonicator (B). A minimum reflection 
can be seen at the centre frequencies and reduced reflections at 
the equivalent third harmonics. After impedance matching, the 
reflection coefficient is significantly reduced at the centre frequency 
but not at the third harmonic. Connecting all elements in a device 
together reduces the reflection coefficient further more.

Figure 5 Frequency sensitivity of sonicators. Peak sensitivity can 
be seen at 1.08 and 1.17 MHz for the 24-well plate and OptiCell™ 
sonicator, respectively. Increased sensitivity is evident between 0.6 
and 0.8 MHz in the OptiCellTM sonicator. This directly correlates to 
the reflection coefficient magnitude shown in Figure 4.

Table 1 Frequency response of sonicators using a -3-dB cutoff.

  24-Well plate 
sonicator

  OptiCell 
sonicator

Peak sensitivity (MHz)  1.07   1.15
f1 (MHz)   0.90   1.00
fc (MHz)   1.08   1.17
fu (MHz)   1.25   1.34
BW (MHz)   0.17   0.17
Qm   6.32   6.86
%BW (MHz)   15.82   14.57

A small centre frequency shift of 90 kHz between devices is evident, 
yet both devices have an identical bandwidth of 170 kHz and a 
similar mechanical quality factor.

dropped to 0.16. Combining all six transducers showed a 
further drop to 0.08, along with a slight frequency shift to 
1.14 MHz. A low reflection magnitude was also observed 
between 0.6 and 0.8 MHz.

Acoustic field characterisation

Figure 5 shows the normalised frequency response of 
the two devices from 400 kHz to 4 MHz. A small shift 
(+80 kHz) of the peak sensitivity of device B can be seen. 
Nevertheless, the bandwidth for both devices is identical 
at 0.17 MHz, as shown in Table 1. The OptiCell™ sonica-
tor also showed an increased sensitivity between 0.6 and 
0.8 MHz. The frequency response directly correlated with 
the impedance measurements.

Two-dimensional scans of the sonicators can be seen in 
Figure 6. Scan A shows the xy scan of device B at the acoustic 

focus; the position is shown by line A-A in scan B. Scan B 
shows the xz scan of the two central transducers from device 
B; the location is shown by line B-B in scan A. Scan C shows 
the xy scan of the device A at the acoustic focus.

Owing to the close proximity of the transducers in 
device B, minor constructive interference can be seen 
(Figure 6A). These side-lobes were 24  dB less than the 
peak pressure. No interference was seen in device A.

Following Eq. 1, the acoustic focal distances of 
devices A and B should be 41 and 44 mm, respectively. 
The 3D scans showed the peak values at 39 and 42 mm, 
respectively. Using a -2-dB cutoff, the acoustic focal length 
was 43 ± 3 mm; hence, the difference in acoustic pressure 
between the theoretical and the measured acoustic focus 
was negligible at  < 0.2 dB.

Using a -3-dB cutoff, the focal area was significantly 
different between the two devices (p = 0.0013). Figure 7A 
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and B shows the mean beam profiles in the x and y axis 
at the acoustic focus. Figure 7C shows a whisker plot of 
the beam area at the acoustic focus using a -3-dB cutoff. 
The mean focal area for device A was 148 ± 21 mm2. In 
comparison, the mean focal area for device B was 
106 ± 11 mm2.

The acoustic pressures generated by each element for 
both devices are shown in Figure 8A. The mean maximum 
peak-peak acoustic pressure generated by each trans-
ducer was 1.5 MPa. Between transducers in each device, 
the coefficient of variance was 6%, and between the mean 
of each device, 3%. The PZ26 elements have a variance 
of ≈8% from the manufacturer; hence, any variation in 
acoustic output of the completed device below 10% can 
be considered reasonable. Commercial therapeutic ultra-
sound devices have shown to have an acoustic output 
variance of 60% [10]; hence, we believe our devices have 
an acceptable variance.

When mounting the PZT elements into the case with 
the glass bubble/epoxy backing, impedance measure-
ments showed a large reduction in modal interference in 
addition to a resonance frequency increase. The imped-
ance of the electrical and mechanical resonance was 
increased and decreased, respectively. This indicated the 
glass bubble/epoxy was damping the mechanical oscil-
lations. Nevertheless, this damping resulted in a smaller 
electrical impedance variance between devices. Figure 8B 
shows the benefits of electrical impedance matching. 
Without impedance matching, the output followed an 
inverse slope of 26.9, whereas with impedance matching, 
the output followed an inverse slope of 8.55. Hence, imped-
ance matching increased the pressure output by a factor 
of 3.15. Looking at the non-linearity ratio (Figure 8C), it is 
evident that as the acoustic pressure increases, so does the 
nonlinearity, thus limiting the maximum acoustic pressure 
possible for operation in the linear regime. The  acoustic 
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plate sonicator.
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Figure 7 Beam profile scans at acoustic focus for both devices 
(A and B) and whisker plot of the focal area for the two devices 
using a -3-dB cutoff. A statistically significantly smaller beam area 
is evident in the OptiCell™ sonicator, due to the close proximity of 
the transducers (cf. Figure 6).

pressure and nonlinearity were statistically significantly 
similar between devices (p = 0.95 and p = 0.80, respectively).

When driving the devices at 100  W RMS, device A 
reflected 2 W, whereas device B reflected 5 W, i.e., an elec-
trical power reflection of 2% and 5%, respectively.

As these devices are targeted to be used as templates 
for low-cost scientific ultrasound treatment, Table 2 
shows the total cost of consumables and time used to fab-
ricate a single device (rounded up). Total material cost of 
each custom made device was _220. The total work time 
required was 8 h.

Figure 9 shows a photograph of the completed devices.

Operation

Each device was controlled by a custom program written 
in LabVIEW (National Instruments Corporation, Austin, 
TX, USA). The program was based on a “one-button” 
operation principle. It only contained two buttons: read 
file and start. Prior to initiation of the experimental work, 
the user is required to write a file indicating the name, 
frequency, pressure, intensity, and duration required for 
each experiment. This file is read by the software and all 
parameters are automatically calculated. The user is only 
required to follow the on-screen instructions and press 
“OK” to proceed. Figure 9C shows a screenshot of the soft-
ware in operation. The software was presented to several 
independent cellular biology researchers to evaluate its 
ease of use. All users were able to use the program effec-
tively with no training.

Discussion

Electrical impedance

Using transmission line transformers to reduce electri-
cal reflection is effective and very cost and time efficient. 
Nevertheless, it is important to ensure that the cores 
chosen can adequately handle the magnetic flux gener-
ated. Larger magnetic flux results in higher temperatures, 
which in consequence reduces the magnetic permeability. 
The small cores used in this case saturated after 5  min 
when driven at 100 W with no additional cooling. When 
saturated, the transformers reflected up to 95% of the inci-
dent power. A solution to saturation is to maintain a suf-
ficiently low temperature by cooling them or to use larger 
cores and thicker gauge wires.

Furthermore, impedance matching can also be per-
formed for the third and fifth harmonics, allowing sonica-
tion over a broad range of frequencies.

Acoustic output

Using a hard PZT, we achieved a narrow bandwidth with 
a high acoustic output. Nevertheless, this template allows 
for any type of element to be used, i.e., adjustable to the 
end users requirements. To achieve a larger bandwidth, a 
softer element, with higher internal damping, or a denser 
backing could be used. If higher acoustic outputs are 
desired, focused elements may be used. It is important 
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A B C

Figure 8 Acoustic output from sonicators. (A) Mean peak-to-peak acoustic pressure as a function of arbitrary waveform generator (AWG) 
voltage. The acoustic pressure output is not linear in relation to the voltage input. (B) Normalised mean peak-to-peak acoustic pressure 
as a function of AWG voltage with and without impedance matching. Electrical impedance matching effectively tripled the acoustic output. 
(C) Mean non-linearity ratio a function of mean peak-to-peak acoustic pressure. As acoustic pressure increases, so does the nonlinearity 
explaining the nonlinear relationship between input voltage and output pressure. Error bars indicate standard deviations.

Table 2 Time and cost for manufacturing and characterising one 
multi-element ultrasound treatment device.

Process   Consumable 
cost (_)

  Duration 
(working hours)

3D print and post-processing print  120   2
Ultrasound transducer fabrication   50   1
Impedance matching   25   2
Electronics connectors and cables   25   -
Field characterisation   –   3
Total   220   8

A total cost of _220 in consumables and 8 work hours was required 
to build and calibrate each device. The major component cost was 
the 3D print material.

to note that much higher acoustic pressures result in 
increasingly nonlinear sound fields and smaller focal 
areas. Depending on the application, it may be critical to 
control the amount of nonlinearity, e.g., to avoid shock-
wave formation or inertial cavitation.

Practical considerations

When using the devices, acoustic attenuation needs to be 
minimised. Hence, when using device A, a self-adhering 
thin membrane (TopSeal™-A, Perkin Elmer) was placed 
on the upper surface of the plate and the plate was placed 
in the device inverted. The thin membrane reduced the 
output by  < 1%; hence, its effects can be considered 
negligible.

The CAD files and LabVIEW program are available 
as supplementary data and on our website (org.uib.no/

microacoustics). The free LabVIEW Run-Time Engine is 
required to run the executable (.exe) file.

Cost

Manufacturing such a device in-house helps drasti-
cally reduce the cost associated with such expensive 
and dedicated setups. A typical underwater ultrasound 
transducer costs in the range of _600–1000, whereas this 
device costs close to a third of that value, with an addi-
tional five transducers and is customised to the experi-
mental need.

User notes and recommendations

Prior to assembling the base plate to the extension 
frame, it is recommended that the base plate, with the 
embedded transducers, is calibrated in a water tank. 
Calibrating without the extension frame helps prevent 
accidental hydrophone contact and damage. All the 
transducers should be driven simultaneously. The device 
should be calibrated in the following order:
1.	 Evaluate bandwidth and centre frequency using 

pulse-receive technique as described in Acoustic field 
characterisations’ section.

2.	 Drive transducer at low power at centre frequency. 
Position hydrophone at equivalent plate/OptiCell™ 
level. Calibrate for a range of voltages. Perform same 
calibration for all other transducers.

3.	 Check the electrical impedance and your reflection 
coefficient (e.g.,  ± 1 MHz of your centre frequency).
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Figure 9 Completed devices and software. Photograph of the completed 24-well plate sonicator (A) and OptiCellTM (B). (C) Screen capture of 
the user software interface.

The acoustic pressures should be very similar between all 
devices ( ± 5%). If the difference is substantially higher or 
lower, this will be seen in the electrical impedance scans 
during transducer assembly; hence, this issue can be 
prevented. Typical problems are bad electrical connec-
tions, e.g., damaged silver paint, poor soldering, or short-
circuiting. If a transducer is working poorly, and none of 
these typical problems seem to be at fault, it may be due 
to element damage. In this circumstance, the transducer 
should be replaced. Prior to each use, we recommend 
testing the device by running for a few seconds and check-
ing (1) the power forward and reflected and (2) filling the 
chamber to the plate/OptiCell™ with degassed water, 
driving the elements at a moderate pressure, e.g., MI = 0.3 at 

20% duty cycle, and looking for small peaks at the water/
air interface. These should be the same height for all trans-
ducers. A lower height may indicate a faulty transducer.

Conclusion
In this paper, we have described the procedure to build, 
assemble, and characterise multi-element biological cell 
sonication treatment chambers. These chambers have high 
electrical efficiency, i.e., electrical reflections of  < 10%, 
by taking advantage of transmission line transformers. 
These devices are easy to construct, i.e., no special tools 
are required, and can be produced in bulk. There is a low 
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variance between devices, independent of slight vari-
ances in construction, e.g., variable density of the backing 
material and different transformer design. The acoustic 
outputs between all 12 transducers had a variance of 6%. 
In addition, complete fabrication and characterisation can 
be complete within 5 working days, taking into account 
epoxy curing times, at a low cost of _220. These ultra-
sound treatment chambers provide a template for multi-
ple variations of ultrasound based experimental setups. 
These chambers have shown to be extremely easy to use 
and improve the experimental throughput in biology and 
ultrasound-related experiments. We also provide the CAD 
and LabVIEW files for building and operating the devices.
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