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Abstract. In an era of rapid technological advancement, object detection has become essential for enhancing
efficiency and safety in various fields. Although significant progress has been made in air-based applications,
underwater object detection remains relatively unexplored, especially in shallow aquatic environments such as
coastal zones, harbors, and aquaculture facilities, due to its unique challenges. Ultrasonic technology, with its
ability to travel long distances underwater and perform well in turbid and low-light conditions, stands out as
a promising solution. Recent advances in micro-electromechanical system (MEMS) technology, particularly
capacitive micromachined ultrasonic transducers (CMUTs), offer new opportunities for underwater detection.
CMUTs are compact and highly sensitive and operate with a wide bandwidth, making them ideal for under-
water applications. This research explores the use of CMUTs, fabricated by Fraunhofer ENAS with a resonant
frequency of 1.5 MHz, for underwater object detection. Initial experiments confirmed their feasibility for detect-
ing submerged objects of various sizes, shapes, and materials. Further investigations assessed the resolution of
CMUTs in detecting minimum object sizes using an automated XYZ stage. Finally, the technology was used to
map the topography of test objects, including intricate 3D structures and alphabet shapes, demonstrating its po-
tential for high-resolution mapping. These results highlight the promising capabilities of CMUTs for underwater
sensing applications, with substantial potential for further development.

1 Introduction

Shallow aquatic environments, including coastal zones, har-
bors, aquaculture facilities, and confined inland waters, are
critical to a wide range of underwater sensing applications
(Caccia et al., 2007). These include structural inspection of
bridge piers, pipelines, and offshore wind turbine founda-
tions; monitoring of aquatic livestock in controlled pools;
and terrain mapping by compact autonomous systems such
as remotely operated vehicles (ROVs) and autonomous un-
derwater vehicles (AUVs). Such tasks demand sensing tech-
nologies that are compact, energy-efficient, and capable of
providing accurate data at short ranges and in challenging
environments.

Several sensing modalities for underwater applications
have been developed and are being used extensively, in-
cluding radar (Cai, 2024), lidar (Filisetti et al., 2018), and

the most widely used SONAR (Burguera and Oliver, 2016;
Hurtós et al., 2017). Radar, while highly effective in the air,
faces many challenges underwater due to the high attenua-
tion of electromagnetic waves in water. Optical systems such
as cameras and lidars are constrained by strong light absorp-
tion and scattering in water, particularly in turbid or low-
light conditions, often requiring artificial illumination that
adds to system complexity and power consumption. Conven-
tional SONAR systems, though well established, face chal-
lenges in shallow regions due to multipath effects, reverber-
ation from nearby surfaces, and limited resolution at short
ranges (Stinco et al., 2023). Furthermore, their cost, size, and
power requirements make them less suitable for integration
into lightweight, portable platforms. Hence, their suitability
in shallow or confined underwater environments is limited.
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With the advancements in micro-electromechanical sys-
tem (MEMS) technologies, capacitive micromachined ultra-
sonic transducers (CMUTs) have emerged as an attractive
ultrasound-based sensing solution. CMUTs offer a range of
unique advantages such as wide bandwidth (over 100 %),
better impedance matching, high temperature stability, and
no self-heating (Oralkan et al., 2002a). They also have a
high design flexibility, enabling CMOS-compatible fabrica-
tion and batch production (Li et al., 2024). Because of their
advantages, CMUTs are used for diverse applications such as
in medical imaging and therapy, non-destructive testing, flow
measurements, level measurements (Saeidi et al., 2022), and
gas sensing. However, CMUTs for the purpose of underwater
object detection have been relatively less explored. Oralkan
et al. (2002b) established the viability of using CMUTs for
object detection by realizing 2D and 3D imaging of wires in
phantoms using 1D nd 2D rectangular CMUT arrays. Song
et al. (2015) fabricated and tested a CMUT with a band-
width of 155 % and a 540 kHz center frequency for use in
underwater imaging. Zhang et al. (2016) demonstrated two-
obstacle imaging using a CMUT with a resonant frequency
of 700 kHz. In our research, we have advanced these efforts
by fabricating a CMUT device with a resonant frequency of
1.5 MHz (in water) and then encapsulating it with silicone-
based material for underwater usage. We began our research
by testing the feasibility of using our CMUTs for underwater
object detection. Following these initial tests, we conducted
detailed resolution analysis to evaluate the precision of our
device. Subsequently, the technology was adapted for topo-
graphic mapping, with thorough tests and validations being
conducted to confirm the CMUT’s ability to accurately map
intricate 3D structures. While the immediate goal is to char-
acterize their performance in controlled aquarium conditions,
future research must explore its ability in realistic waterbod-
ies through field tests. This work is a proof of concept for the
further research and development of CMUTs for underwater
use cases.

2 Sensor concept

The sensor used in this research was a single-element
CMUT fabricated in Fraunhofer ENAS using the wafer-
bonding technology. The resonant frequency of the CMUTs
is 1.5 MHz. Figure 1 shows the fabricated CMUT chip, with
an active area of (5× 5) mm2 (left) and consisting of nu-
merous CMUT cells. Each CMUT cell consists of a fixed-
bottom electrode, a substrate, an insulating layer, a vacuum
cavity, and a movable membrane with a top electrode, as
shown in the inset of Fig. 1. The membrane radius and thick-
ness are 70 and 5.5 µm, respectively, with a cavity depth
of approx. 470 nm. The CMUT has two functional modes:
transmit and receive. In transmit mode, the alternating cur-
rent (AC)- and direct current (DC)-excited membrane vi-
brates back and forth, producing ultrasonic signals. In receive

mode, the incoming ultrasonic signals cause the membrane to
vibrate, which, in turn, generates a displacement current be-
cause of the change in capacitance. In this way, the CMUT
converts electrical energy into acoustic energy and vice versa
using the principle of capacitive transduction.

Although the intricate structure of MEMS devices, such
as CMUTs, poses challenges for deep-sea applications be-
cause of high underwater pressure, these limitations can be
mitigated through suitable packaging techniques. By decou-
pling the membrane from external pressures, sensor perfor-
mance can remain stable even in extreme conditions. In our
previous work (Saeidi et al., 2021), we successfully adapted
CMUTs for harsh environments by enclosing them in an oil-
filled aluminum housing with an integrated acoustic window,
effectively isolating the sensor from external vibrations. To
extend the applicability of CMUTs to deep-sea exploration,
similar structural modifications must be explored to ensure
reliable operation in high-pressure underwater environments.

3 Acoustic characterization

Understanding the behavior of CMUTs is crucial for iden-
tifying the optimal driving conditions for the CMUT. This
is achieved through acoustic characterization studies such as
frequency sweep. The hydrophone-assisted frequency sweep
enables us to identify the resonant frequency and bandwidth
of the CMUT.

The schematic diagram and image of the experiment setup
are shown in Fig. 2. The CMUT was actuated with 20 Vp-p
AC signal and 30 V DC bias. A bias tee was used to cou-
ple the AC (Sigilent SDG 2042X Function/waveform gener-
ator) and DC (Teledyne Test Tools T3PS3000 DC power sup-
ply) signals as inputs into the CMUT. A needle hydrophone
(Müller Hydrophone, stainless steel, sensitivity of −1.3 mV
per bar, 0.3–10 MHz) was used as a receiver. It was immersed
in the water and placed in line with the CMUT at a dis-
tance of 19.48 mm from it. A frequency sweep was carried
out starting from 0.5 MHz, and the signal data were recorded
at every 0.5 MHz interval. The frequency sweep response
of the CMUT captured by the hydrophone is illustrated in
Fig. 3. Notably, a peak amplitude of 460 mV was detected
at 1.5 MHz, indicating the resonant frequency of the CMUT
to be 1.5 MHz. Furthermore, by analyzing the frequency re-
sponse graph, the 3 dB fractional bandwidth was determined
to be 100 %, demonstrating the wide-bandwidth capability of
CMUTs.

4 Underwater experiments

To address various aspects of underwater sensing, different
experiment setups were designed, and tests were carried out.
The first test was a feasibility study to examine the viability
of our CMUTs for object detection underwater. Test objects
such as steel rod, polycarbonate, and glass cubes and cuboids
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Figure 1. Fabricated CMUT chip with an inset showing a CMUT cell cross-section.

Figure 2. Frequency sweep. (a) Schematic diagram and (b) image of experiment setup.

were used in a lab setup. The CMUT was operated in pulse
echo mode, and it was able to detect the test objects accu-
rately and track changes in their distances. A maximum dis-
tance of 60 cm was measured with this lab setup. The next
test was designed to identify the resolution of the CMUT in
terms of its ability to detect small objects. Subsequently, the
technology was applied to topography mapping to test the
ability of the CMUT to map complex structures.

4.1 Resolution of the CMUT

To evaluate the resolution of the CMUT, small objects such
as screws (8 mm in length, 2.9 mm in diameter) and polycar-
bonate cubes (4 mm sides) were used as test samples. For the
screw test, the object was mounted on a 3D-printed square-
shaped holder attached to an automated XYZ stage. The
screw, along with its holder, was systematically moved along
the z axis (bottom-to-top direction) in controlled increments
of 2 mm while keeping the x and y coordinates constant. The
initial position of the XYZ stage was (28, 70, 155) mm, and

the movements continued until (28, 70, 202) mm. Through-
out this process, the CMUT remained stationary, secured in a
3D-printed holder facing the test object. CMUT signals were
collected at each position as the object moved incrementally.
The test setup is shown in Fig. 4, with an arrow indicating
the direction of motion and an enlarged image of the screw in
front of the CMUT. In the second setup, polycarbonate cubes
were used as test objects and kept stationary in a water-filled
glass beaker. The CMUT, secured in a holder facing the ob-
jects, was mounted on an XYZ stage to allow precise and
controlled movements during the experiment. The data were
collected at each position above the objects, as well as once
away from the test objects, where only the beaker was in the
CMUT’s focus, for comparative reference purposes. Figure 5
shows the test setup and a magnified image of the three trans-
parent polycarbonate cubes.
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Figure 3. Amplitude versus frequency response of CMUT in water.

Figure 4. Experiment setup to test the resolution of the CMUT, with an enlarged image of the screw as the test object.

4.2 Resolution as a function of distance and object size

To investigate how the resolution of the CMUT is affected by
distance, this experiment was conducted using a hex nut with
a thickness of 2.5 mm and a length of 5.45 mm. The CMUT
was positioned facing downward toward the object and was
incrementally moved upward along the z axis using the XYZ
stage. The experiment setup, with enlarged images of the test
object and CMUT, is shown in Fig. 6. Starting from the initial

position (0, 0, 0), the height was increased in 5 mm steps until
(0, 0, 45), with data being recorded at each step.

To examine the effect of object size on resolution, the
experiment was repeated using a smaller hex nut measur-
ing 4 mm in length and 1.5 mm in thickness. Pulse echo re-
sponses were recorded at three measurement points: 0 mm
(minimum distance), 25 mm, and 50 mm. For comparison,
the larger hex nut with a 5 mm length (used previously) was
also tested under the same conditions, allowing for direct
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Figure 5. Experiment setup to test the resolution of the CMUT, with an enlarged image of polycarbonate cubes of size 4× 4 mm in a glass
beaker.

Figure 6. Test setup to measure resolution as a function of distance, with enlarged image of the hex nut and CMUT.

evaluation of size-dependent resolution changes. Figure 7
shows the two hex nuts.

4.3 Topography mapping

To test the ability of the CMUT for topography mapping, the
CMUT was moved in controlled steps using an automated
XYZ stage over the 3D-printed test objects, and data were
captured at each step. Two 3D structures as shown in Fig. 8
were designed and printed to be used as test objects. The
first test object was an irregular structure containing protru-

sions of varying heights (10, 15, 20 mm) on a 5 mm base. The
CMUT was moved linearly over the test object, and a total of
30 data points were recorded. A Python script was designed
to analyze the pulse echo data obtained from the CMUT as it
moves across the object. It plots the time-of-flight (ToF) val-
ues against the positions along the scan, facilitating the inter-
pretation and analysis of the object’s dimensions. To further
explore this ability, the second test structure was designed,
containing 3D representation of the letters “E”, “N”, “A”,
and “S”. First, the letter E was mapped, and the acquired data
were then processed through a Python script to visualize the
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Figure 7. Hex nuts used to investigate resolution with different ob-
ject sizes.

responses in a 3D contour plot. The image on the left side
of Fig. 9 shows the grid pattern (with x, y coordinates) in
which the CMUT was moved and from which the data were
captured for the letter E. In order to improve the measure-
ment accuracy, the number of grid points was increased to
map the letter N, as shown in the image on the right side of
Fig. 9. The acquired data were then processed similarly to
render a 3D contour plot.

5 Results of underwater experiments

5.1 Resolution results

To evaluate the minimum detectable object size, an experi-
ment was conducted using a screw measuring 8 mm in length
and 2.9 mm in diameter. The screw, mounted on a holder,
was incrementally moved along the z axis in 2 mm steps,
from (28, 70, 155) mm to (28, 70, 202) mm, while record-
ing pulse echo responses. Figure 10 shows the stacked pulse
echo signals collected at each position. The first detectable
echo from the screw appeared at a z position of 160 mm and
persisted until 166 mm. Beyond this point, echoes from the
larger holder structure became dominant. In the pulse echo
plots, the screw’s reflection was observed at around 81 µs,
while the holder’s stronger echo appeared earlier at approx-
imately 75 µs. These results demonstrate that the CMUT is
capable of detecting small objects (as small as 8 mm) and
provides pulse echo responses that span the physical length
of the object, thereby confirming its high resolution and sen-
sitivity.

To conduct a more comprehensive analysis of the resolu-
tion aspect of the CMUT (in terms of the smallest detectable
object size), three polycarbonate cubes measuring approx-
imately 4× 4 mm each were selected as test objects. The
three pulse echo responses of the CMUT when it was directly
above the cubes and one away from them and facing only the
beaker are shown in Fig. 11. The results clearly demonstrate
distinguishable echo signals from the polycarbonate cubes.
The echo signals from the cubes are marked in rectangular
boxes which are followed by the signal from the beaker. It
can be seen that the echo pulses from the cubes appear in the

time range of 64–66 µs, which is significantly earlier than the
echo from the beaker, which appears at 69 µs, hence prov-
ing the CMUT’s ability to detect and distinguish objects as
small as 4×4 mm (length× breadth), marking the resolution
of the CMUT at 4 mm. It is important to note that this reso-
lution value could potentially be even better and is yet to be
tested.

5.2 Resolution as a function of distance and object size

To investigate the resolution as a function of distance, a hex
nut was used as test object, and the CMUT data were col-
lected at different distances above it. The pulse echo re-
sponses obtained from the CMUT at each distance are shown
in Fig. 12. The signals marked in the circles are received from
the hex nut, and the following peak is from the beaker. It can
be seen from the plots that CMUT resolution remains un-
changed in the distance range of 40 mm. While there is no
change in the resolution with distance, the signal amplitude
does decrease to some extent with increasing distance ow-
ing to the attenuation in the medium. The signal amplitude
versus distance is also depicted in Fig. 12 (right).

To examine the impact of object size on resolution, two
hex nuts measuring 5.45 and 4 mm were used as test objects.
Measurements were taken at three positions, starting from a
minimum distance of approximately 1 cm from the CMUT
(taken as 0 mm start position) and extending up to 50 mm.
The results presented in Fig. 13 indicate that resolution re-
mains consistent within the tested range (50 mm), demon-
strating good accuracy in terms of resolution.

5.3 Topography mapping results

To analyze the received CMUT signals obtained from the
linear scan of the irregular structure with varying heights, a
Python script was written that takes the receive signal data
and identifies the ToF value of the echo pulse using a rising-
edge detection function. Based on this value, the distance is
computed using Eq. (1), where the speed of sound in water
is taken to be 1500 m s−1 assuming a constant water temper-
ature (experiment conducted at room temperature).

Distance=
(ToF× speed of sound in water)

2
(1)

The result of the Python script yielded a plot of depth (com-
puted distance from the CMUT to the object) versus the dis-
tance traversed along the x axis (Fig. 14), which closely re-
produced the test structure and its dimensions, proving the
CMUT’s ability for topography mapping. Minor discrepan-
cies were observed, likely due to the mounting of the test
object on an uneven container surface or due to limited mea-
surement points. Increasing the measurement points could
enhance the reconstruction accuracy. To further analyze this
ability, the test structures with a 3D representation of let-
ters were used. The letters were situated on a 10 mm thick
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Figure 8. The 3D-printed test objects. (a) Irregular structure and (b) 3D representation of letters.

Figure 9. Grid maps with (x, y) coordinates for (a) letter E and (b) letter N.

Figure 10. Pulse echo response obtained from the 8 mm screw and its holder at various positions along the z axis.
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Figure 11. Pulse echo response obtained from the three polycarbonate cubes and the bottom of the beaker for reference, along with an image
of the target objects.

base structure and were individually mapped by the CMUT.
These signals were then processed through a Python script
that sequentially reads measurement data at each point, iden-
tifies the peak-to-peak voltage of the signal, and associates it
with the corresponding coordinate on the grid. Subsequently,
these data are visualized through both 3D contour plots for
enhanced interpretation. The initial mapping focused on the
letter E, which measured 16× 10.7 mm2, with a distance of
2.81 mm between its arms. A total of 35 measurements were
taken to cover the test structure. Pulse echo responses, along
with their corresponding ToF readings obtained at the coordi-
nates (0, 0), (0, 9) and from the beaker for reference, are de-
picted in Fig. 15. Signal (a) represents the top surface of the
3D alphabet, signal (b) corresponds to the top surface of the
base plane, and signal (c) depicts the beaker (with the CMUT
moved away from the test structure). For a preliminary anal-
ysis of the results, ToF values were identified from the plots
manually using a data analysis and plotting software. These
values were then used to compute the distance values using
Eq. (1) as described previously and are shown in Table 1. Pre-
liminary analysis of the obtained data revealed that the dif-
ference between the computed distance values of signal (a)
and (b) is approximately 9 mm closer to the thickness of the

Table 1. ToF values and computed distances obtained from pulse
echo measurements of letter E.

Signal ToF (µs) Distance (mm)

(a) 26.28 19.053
(b) 38.81 28.13
(c) 53.77 38.98

3D letter E (10 mm), and the difference between signal (c)
and signal (b) is approximately 10 mm, corresponding to the
thickness of the base structure (10 mm). This proves the abil-
ity of the CMUT for dimension mapping.

To visualize these data, a Python script was used to com-
pute and plot the peak-to-peak amplitude of these response
signals using the greatest amplitude method and to map them
to their respective coordinates. The resulting 3D and 2D plots
are shown in Fig. 16. The plot reveals a distinct structure
resembling the letter E, yet some discrepancies are evident,
likely due to the limited number of measurement points in
the data collection process. Given the narrow 2.8 mm spac-
ing between the arms in the structure E and the 3 mm mea-
surement step, the arms are not clearly distinguishable. To
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Figure 12. Pulse echo response obtained from the hex at different distances (a) and a plot of distance from the object to the amplitude of the
echo obtained (b).

Figure 13. Pulse echo response obtained from (a) hex nut 1 and (b) hex nut 2.
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Figure 14. (a) Plot of depth versus distance traversed along the x-axis and (b) CAD image of the object with dimensions for reference.

Figure 15. Pulse echo measurements obtained over letter E at the coordinates (0, 0), (0, 9) and also from the beaker for reference.

enhance the results, the second letter, N, was mapped with
increased measurement points. Subsequently, the data were
processed using the Python script to generate a 3D plot of
amplitudes, as illustrated in Fig. 17. The 3D plot exhibited an
improved replication of the letter N due to both an increased
number of measurement points and the inherent simplicity of
the letter’s structure itself.

6 Conclusions

The results of this study demonstrate the potential of CMUTs
for high-resolution underwater imaging in short-range ap-
plications, particularly in shallow-water environments. The

experimental findings confirmed the wide bandwidth of
CMUTs and their ability to detect various objects pre-
cisely, including those made of transparent materials. No-
tably, CMUTs successfully detected small objects down
to millimeter-scale dimensions, achieving high-resolution
imaging. Additionally, topographic mapping experiments
validated CMUTs’ capabilities to accurately reconstruct the
dimensions of structures, generating 3D representations of
complex shapes, such as alphabets. This highlights their po-
tential for detailed surface mapping in applications like AUV
and ROV navigation, as well as submerged-infrastructure in-
spection. While the current detection range is confined to
controlled lab conditions, the results demonstrate significant
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Figure 16. Contour plots of pulse echo responses of the letter E as processed by the Python script.

Figure 17. Contour plot of pulse echo response of letter N as processed by the Python script.

potential for further development of CMUTs in shallow-
water underwater sensing applications. CMUT technology is
not yet a replacement for existing underwater sensor modal-
ities; however, its advantages in terms of miniaturization, in-
tegration, and high-resolution imaging would make it a com-
pelling choice for several underwater applications. Future
work will focus on scaling up the system by enhancing trans-
ducer performance, integrating small-size driving electronics
into a portable system, optimizing signal processing, and ex-
ploring alternative packaging methods to enable various un-
derwater deployments.
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