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Abstract: This paper discusses the design and initial testing of a novel hydrophone array system dubbed the 
Underwater Inflatable Co-prime Sonar Array (UICSA). The UICSA will be a crucial component of an underwater 
deployable sensing network that can be rapidly deployed using compact autonomous underwater vehicles (AUVs). 
The UICSA initially is packed in a compact container to fit the payload space of an AUV. After deployment, the 
UICSA expands to its predetermined full length to acquire sensing data for source localization.  More specifically, 
the mechanical compression of the UICSA is achieved through a non-rigid array support structure, which consists 
of flexible inflatable segments between adjoining hydrophones that are folded in order to package the UICSA for 
deployment. The system exploits compression in hydrophone layouts by utilizing a sparse array configuration, 
namely the co-prime array since it requires fewer hydrophones than a uniform linear array of the same length to 
estimate a given number of sources. With two-way compression, the storage, handling, and transportation of the 
compactly designed UICSA is convenient, particularly for the AUVs with limited payload space. The deployment 
concept and process are discussed, as well as the various UICSA designs of different support structures are 
described. A comparison of the various mechanical designs is presented and a novel hybrid-based expansion 
prototype is documented in detail. Laboratory study results of the UICSA prototype are presented that include 
water-swollen material tests in a pressurized environment and water tank validation of the inflation process. The 
UICSA prototype also has been deployed in the Harbor Branch channel to validate the performance, the related 
field test details and source localization results. 
Keywords: Underwater inflatable structure; Co-prime array; Structural design; Compressive sensing; Direction-
of-arrival estimation; Field test.  

1. Introduction

The state-of-the-art in recent underwater networking technology has been widely accepted and examined [1].
Underwater sensing networks (UWSN) are gaining traction as an effective means of measuring and monitoring 
ocean properties in situ. The UWSN employs sensor nodes and marine platforms, such as Remote Operated 
Vehicles (ROVs), unmanned surface vehicles (USVs), and Autonomous Underwater Vehicles (AUVs). Generally, 
a UWSN has three components: the master node, mobile nodes, and sensor nodes [2,3]. Node deployment consists 
of placing a certain number of sensor nodes in a designated area to collect data. Therefore, the systematic 
performances of the UWSN such as coverage, connectivity, and lifetime, will depend on this deployment. There 
are no general criteria when designing a sensor node deployment strategy. However, adjusting sensor detection 
range, communication radius, and other parameters in a suitable manner can yield a longer lifetime and greater 
network coverage. Master nodes are in charge of deploying the sensor nodes and controlling the network. The 
mobile nodes, mainly ROVs and AUVs, may carry sensor nodes and deploy or reconfigure them while 
simultaneously exploring and monitoring the environment. Once the nodes are implemented, the network topology 
is established and the routing policy and data transmission strategy of the network are set [4]. Sensor deployment 
is not only crucial to the functionality of the system, but it also represents one of the most significant cost inputs. 
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The other major cost is the price of the sensor nodes. Both are more expensive than those of terrestrial sensing 
networks [5]. Partan et al. predicted that UWSNs would mostly comprise high-cost nodes sparsely deployed over 
a large area [6]. 

With technological advances in underwater vehicles over the past decade, sensor deployment is now possible 
with ROVs or AUVs, leading to cost reductions. However, when using such vehicles for deployment, a sensor 
node must have a dimension that does not impose any physical restrictions on the vehicle itself and/or hinder its 
maneuverability [7]. As a result, developing compact deployable systems is crucial to conserving resources and 
ensuring the design simplicity of the deployment strategy. We recently proposed an Underwater Inflatable Co-
prime Sonar Array (UICSA), with a novel Two-Way Compression (TWC) concept, as a deployable system carried 
by autonomous vehicles [8]. TWC involves dimensional compression and algorithmic compression. The 
dimensional compression employs an inflatable structure to reduce the initial physical volume as the array can be 
packed into low-volume containers carried by AUVs. The algorithmic compression is achieved through the use of 
a sparse array with hydrophone placement following the co-prime configuration and associated signal processing. 
Unlike the linear sonar array with uniform half-wavelength spacing, the co-prime array comprises two uniform 
linear subarrays having 𝑀𝑀 and 𝑁𝑁 hydrophones with specific inter-element spacings, with 𝑀𝑀 and 𝑁𝑁 being co-prime 
[9]. It offers O(𝑀𝑀𝑀𝑀) degrees-of-freedom for source direction-of-arrival (DOA) estimation. 

The inflatable structure morphs into its final geometry after detaching from the carrier platform, such as an 
AUV. The morphing process is driven by a top buoy and weight/anchor at the bottom of the stowed package. The 
buoyance and gravity straighten the entire array and maintain the desired hydrophone spacings. Different 
approaches can reinforce the stretched array and are presented in Section 2. The reinforced structure ensures the 
system rigidity and avoids being entangled, twisted, or bitten by marine life. The application of effective signal 
processing algorithms to the acquired datasets enables the localization of acoustic sources. 

In this paper, we present the UICSA system concept in two narratives (mechanics and algorithm) in Section 2. 
The details of UICSA mechanical design are documented in Section 3. The UICSA prototype fabrication and 
laboratory validation experiments are outlined in Section 4. The initial field test of the UICSA conducted at the 
Harbor Branch Oceanographic Institute (HBOI) channel and performance evaluations of both narrowband and 
multi-frequency source estimation algorithms are presented in Section 5. Conclusions are drawn in Section 6. 
 
2. UICSA system concept 
 

A UICSA system is the integration of a co-prime array configuration with an underwater inflatable structure [8, 
10]. Both components contribute to the initial compact system volume and low-cost construction. 

 
2.1 Co-prime array and associated signal processing 

A co-prime array configuration is obtained by interleaving two uniform linear arrays (ULAs), one with 𝑀𝑀 
hydrophones spaced 𝑁𝑁𝑁𝑁 units apart and the other with 𝑁𝑁 hydrophones having an inter-element spacing of 𝑀𝑀𝑀𝑀. 𝑀𝑀 
and 𝑁𝑁 are co-prime integers, and 𝑑𝑑 is usually chosen to be one-half wavelength at the operating frequency [9]. The 
first hydrophone of the two ULAs coincide, resulting in a co-prime configuration with 𝑀𝑀 + 𝑁𝑁 − 1 hydrophones. 
Under narrowband far-field operation, the co-prime array can be used for source DOA estimation. Multi-frequency 
operation, on the other hand, permits localization of near-field sources. 

 
2.1.1 Far-field narrowband DOA estimation 

Let the positions of the hydrophones be denoted by 𝑥𝑥𝑖𝑖 = 𝑛𝑛𝑖𝑖𝑑𝑑, 𝑖𝑖 = 1, 2, … ,𝑀𝑀 + 𝑁𝑁 − 1. Assume 𝐷𝐷 narrowband 
sources are impinging on the co-prime array from directions 𝜃𝜃1,𝜃𝜃2, …𝜃𝜃𝐷𝐷 , with angles measured relative to the 
vertical axis. The received signal vector at snapshot 𝑡𝑡 under far-field conditions can be expressed as 

 
 𝐱𝐱(𝑡𝑡) = 𝐀𝐀𝐀𝐀(𝑡𝑡) + 𝐧𝐧(𝑡𝑡), (1) 

 
where 𝐀𝐀 is the (𝑀𝑀 + 𝑁𝑁 − 1 ) × 𝐷𝐷 array manifold matrix whose (𝑖𝑖,𝑑𝑑)-th element is given by exp(𝑗𝑗𝑗𝑗 𝑥𝑥𝑖𝑖sin(𝜃𝜃𝑑𝑑)/𝑐𝑐), 
𝜔𝜔 is the frequency of operation,  𝑐𝑐 is the sound speed in the water, 𝐬𝐬(𝑡𝑡) is the 𝐷𝐷 × 1 source signal vector, and 𝐧𝐧(𝑡𝑡) 
is the (𝑀𝑀 + 𝑁𝑁 − 1) × 1 noise vector. Assuming uncorrelated sources and spatially and temporally white noise, the 
(𝑀𝑀 + 𝑁𝑁 − 1 ) × (𝑀𝑀 + 𝑁𝑁 − 1 ) covariance matrix of the received signal is given by 
 

 𝐑𝐑𝑥𝑥𝑥𝑥 = 𝐸𝐸[𝐱𝐱(𝑡𝑡)𝐱𝐱𝐻𝐻(𝑡𝑡)] (2) 
 
where 𝐸𝐸[∙] is the expectation operator and the superscript ‘𝐻𝐻’ denotes conjugate transpose. We note that, in 
practice, the sample covariance matrix is used in place of 𝐑𝐑𝑥𝑥𝑥𝑥 . Vectorizing the covariance matrix 𝐑𝐑𝑥𝑥𝑥𝑥, we obtain 
the coarray observation vector 
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 𝐳𝐳 = vec(𝐑𝐑𝑥𝑥𝑥𝑥), (3) 
 
which emulates a single snapshot received by a virtual array, known as the difference coarray [11, 12], whose 
element positions are the pairwise differences of the physical array hydrophone positions. Therefore, we can model 
the vector 𝐳𝐳 as [9] 
 

 𝐳𝐳 = 𝐀𝐀� 𝐩𝐩  +  σ𝑛𝑛2 𝒊̃𝒊 (4)
  
where 𝐀𝐀� = 𝐀𝐀∗ ⨀𝐀𝐀, with ‘⨀’ denoting the Khatri–Rao product, is the coarray manifold matrix, 𝐩𝐩 is a vector 
containing the signal powers, σ𝑛𝑛2  is the noise variance, and 𝒊̃𝒊 is the vectorized version of an identity matrix. Using 
𝐳𝐳, sparse reconstruction methods [13, 14] or subspace techniques with interpolation [15, 16, 17] can be employed 
to fully exploit all degrees-of-freedom for source DOA estimation. We will use the former in this paper. 

For sparse reconstruction, we first discretize the angular extent of interest into 𝑄𝑄  angles with 𝑄𝑄 ≫ 𝐷𝐷 . We 
construct a dictionary matrix 𝐀𝐀� to mimic the coarray manifold matrix corresponding to the 𝑄𝑄 discretized angles. 
We also define a 𝐷𝐷-sparse vector 𝐲𝐲 of length 𝑄𝑄,  whose 𝑞𝑞-th element indicates the presence or absence of a source 
in the direction 𝜃𝜃𝑞𝑞 . Specifically, a zero-entry indicates the absence of the signal at angle 𝜃𝜃𝑞𝑞; otherwise, the q-th 
element of 𝐲𝐲  is the source signal power from the corresponding direction. Then, the DOA estimation is 
accomplished by solving the optimization problem 

 
 min 

𝐲𝐲
�𝐳𝐳 − 𝐀𝐀�𝐲𝐲�

2
2  subject to   ||𝐲𝐲||0 = 𝐷𝐷 (5) 

 
where ||𝐲𝐲||0 denotes the number of nonzero entries in 𝐲𝐲. Since this optimization problem is NP-hard, we use 
orthogonal matching pursuit (OMP), which is a widely used algorithm that can approximately solve (5) [18]. 

 
2.1.2 Near-field multi-frequency source localization 

For near-field processing, we present the signal model in the frequency domain. Considering D uncorrelated 
wideband sources located at 𝒙𝒙1, … ,𝒙𝒙𝐷𝐷 in the near-field of the array, the received signal vector corresponding to 
the q-th frequency can be expressed as 

 
𝒀𝒀�ω𝑞𝑞� = 𝑨𝑨�ω𝑞𝑞�𝑺𝑺�ω𝑞𝑞� + 𝑵𝑵�ω𝑞𝑞� (6) 

 
where the (𝑖𝑖,𝑑𝑑)-th element of 𝑨𝑨�ω𝑞𝑞� is 𝑒𝑒−𝑗𝑗ω𝑞𝑞𝒟𝒟𝑖𝑖(𝒙𝒙𝑑𝑑)/𝑐𝑐, 𝒟𝒟𝑖𝑖(𝒙𝒙𝑘𝑘) is the Euclidean distance between the d-th source 
and the i-th hydrophone, 𝑺𝑺�𝜔𝜔𝑞𝑞� is the source signal vector corresponding to the q-th frequency, and 𝑵𝑵�𝜔𝜔𝑞𝑞� is the 
white Gaussian noise vector at frequency 𝜔𝜔𝑞𝑞.  

To coherently combine the received signals across different frequencies, we first pre-focus to some point 𝒙𝒙 in 
the near-field of the array by premultiplying with a matrix 𝑲𝑲(𝒙𝒙) [19, 20] 

 
𝒀𝒀�ω𝑞𝑞 ,𝒙𝒙� = 𝑲𝑲(𝒙𝒙)𝒀𝒀�ω𝑞𝑞�, (7) 

 
where 𝑲𝑲(𝒙𝒙)=diag[𝐾𝐾1(𝒙𝒙),𝐾𝐾2(𝒙𝒙),⋯ ,𝐾𝐾𝑁𝑁+𝑀𝑀−1(𝒙𝒙)]  is the pre-focusing matrix with diagonal elements 𝐾𝐾𝑖𝑖(𝒙𝒙) =
𝑒𝑒𝑗𝑗ω𝑞𝑞𝒟𝒟𝑖𝑖(𝒙𝒙)/𝑐𝑐. The covariance matrix of the pre-focused received signal is  
 

𝑹𝑹�ω𝑞𝑞 ,𝒙𝒙� = 𝐸𝐸{𝒀𝒀�ω𝑞𝑞 ,𝒙𝒙�𝒀𝒀𝐻𝐻�ω𝑞𝑞 ,𝒙𝒙�} (8) 
 
which is replaced by the sample covariance matrix in practice. The pre-focused covariance matrices are combined 
across different frequencies as 

𝑹𝑹(𝒙𝒙) = 𝑄𝑄−1�𝑹𝑹�ω𝑞𝑞 ,𝒙𝒙�
𝑄𝑄

𝑞𝑞=1

. (9) 

 
If 𝒙𝒙 = 𝒙𝒙𝑑𝑑, then the 𝑑𝑑-th column of 𝑲𝑲(𝒙𝒙)𝑨𝑨�ω𝑞𝑞� equals 𝟏𝟏𝑁𝑁+𝑀𝑀−1, which is a vector of all ones and forms the 

steering vector of the pre-focused received signal [19]. Delay-and-sum beamforming at point 𝒙𝒙 with 𝟏𝟏𝑁𝑁+𝑀𝑀−1, 
therefore, yields a high response. Performing the pre-focusing procedure for all points of interest followed by near-
field beamforming yields the output 

 
𝑃𝑃(𝒙𝒙) = 𝟏𝟏𝑁𝑁+𝑀𝑀−1𝑇𝑇 𝑹𝑹(𝒙𝒙)𝟏𝟏𝑁𝑁+𝑀𝑀−1, (10) 
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with the superscript ‘𝑇𝑇’ denoting matrix transpose. The source locations are estimated by choosing the peaks of 
the beamformed output. High-resolution techniques can also be applied in lieu of beamforming for source 
localization [19, 21]. 
 
2.2 Vertical underwater inflatable structure  

The underwater inflatable structure (UIS) is foldable and can morph into a large span, also referred to as 
underwater deployable structure or ocean morphing structure [8,10,22,23]. The UIS contributes to the dimensional 
compression of UICSA with the initial folded structure. This folded structure can be packed into a low-volume 
container for storage and transportation, ideal for AUVs with the limited payload space. After detaching from the 
carrier platform, the container packed with UICSA needs to release the entire system to guide the morphing process 
of the UIS. The feasibility of a horizontally-oriented UIS has been discussed in [8], where the self-contact forces 
drive the morphing process during UIS expansion. 

 

 
Figure 1. Vertical UIS release methods during morphing: (a) Lift method; (b) Drag method. 

 
In this paper, we focus on the vertically-oriented tubular UIS, with the morphing process driven by buoyance 

at the top and gravity at the bottom. The packed UICSA container remains negatively buoyant and keeps sinking 
towards the seafloor. Figure 1 demonstrates two practical methods to release the UIS from a container, namely, 
the lift method and the drag method. In the first design, the top buoy lifts the UIS from the container after the 
system anchors on the seafloor. In the second design, the weight/anchor drags the UIS out of the container during 
the sinking process.  The lift method requires the package settlement first and then releases the buoy for morphing, 
which may lead to a longer morphing process. On the other hand, the drag method can complete the morphing and 
even can start inflation during the sinking process. However, the morphed structure is susceptible to the currents 
during the sinking process and can drift from the desired destination. Therefore, the lift method can cope better 
with strong currents, whereas the drag method is better suited for expeditious deployment in calm waters. The 
primary focus of this paper is the UIS system design suitable for calm shallow coastal water (around 100 to 150 
m depths).  The UICSA design for more challenging conditions (i.e., deep water and under strong current) will be 
reported in future work.  

After the morphing process, UIS requires reinforcement to strengthen the array and keep the embedded 
hydrophones at the correct spacing under the influence of ocean currents and marine life. The reinforcement 
process involves swelling actions within the UIS. The UIS infill expansion provides the tension of tubular 
structures, secures hydrophone positions, and also ensures system resilience. The expansion process can be 
achieved by various approaches involving different structural designs and materials, as discussed in Section 3. 

 
2.3 Underwater Deployable Sensing Network (UDSN) 

One of the overarching goals of the UICSA project is to develop the concept of an underwater deployable 
sensing network (UDSN). A UDSN will consist of multiple UICSA nodes to detect and track the target within the 
water volume under surveillance. Figure 2 demonstrates the UDSN concept where the UICSAs are deployed from 
a USV, an AUV, and a helicopter. Each UICSA, as a node of the UDSN, records acoustic emissions from sources 
in the covered volume and relays them to the surface asset via acoustic links. The on-board processing of the 
surface vehicle can apply associated algorithms to the acquired signals and send the resulting source estimates to 
the satellite, helicopter, and/or command center. In this way, the UDSN can collect a set of high-quality transient 
acoustic data over a span of locations as a sufficiently transformative UWSN. 

a  

 

b  
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One novelty of the UICSA design is that it realizes the TWC concept by combining the aforementioned 
compression methods. The sparse array requires fewer hydrophones than a linear array to provide the same 
resolution, which reduces the fabrication cost and initial volume. The UIS design provides the required rigidity 
regardless of the tension provided by the buoy and weight/anchor. By utilizing TWC, the UISCA in its deflated 
form can be folded and packed into reduced forms for handling, storage, and conveyance. The compact UICSA 
package can not only fit the limited payload capacity of AUV/USV but is also adaptable to existing watercraft as 
well as packed into a sonobuoy and released from airborne platforms, such as helicopters. The UICSA has 
advantages over towed sonar array in terms of vessel capability, and Size, Weight, Power, and Cost (SWaP-C) 
constraints. After the UICSA completes the morphing and reinforcing processes at the deployed location, it can 
start data collection as a node of the UDSN. The acquired data can be relayed to the ship-bourne or onshore 
processing center via a hybrid of underwater acoustic links and radio links above water. Moreover, it is practical 
and almost effortless to increase the UDSN resolution with more UICSA-based nodes deployed from AUVs. 

 

 
Figure 2. Underwater Deployable Sensing Network (UDSN). 

 
3. System design and prototyping 
 

The UICSA needs to satisfy the initial compact volume constraint to accommodate the limited payload space 
of AUVs. After detachment from AUVs, the deployed UICSA needs to complete the morphing process smoothly 
and achieve the final stage, in a short time, to start data collection.  

The fully implemented UICSA is also required to minimize the effects of structural deflections, vibrations, and 
entanglements due to ocean currents and marine animal activities. In this section, we present the vertical UICSA 
prototype design, detailing the dimensions and applied materials. 

 
3.1 Dimensions of the UICSA prototypes 

The UICSA length is determined by the operating acoustic signal frequency and the desired upper limit on the 
number of resolvable sources. The signal frequency defines the unit length, 𝑑𝑑, whose maximum value equals half-
wavelength at the operating frequency. The overall structure length is determined by the specific choice of 𝑀𝑀 and 
𝑁𝑁 values to meet the source number constraint, together with the chosen unit length. In this study, we select 2.5 
kHz as the operating frequency in the prototyping effort, which corresponds to a wavelength of 𝜆𝜆 = 0.6 m for 
1500 m/s sound speed in the water. We consider two different UICSAs, namely, a 4-element (𝑀𝑀 = 2,𝑁𝑁 = 3) array 
with 𝑑𝑑 = 0.5𝜆𝜆  and a 7-element (𝑀𝑀 = 3,𝑁𝑁 = 5) array with 𝑑𝑑 = 0.2667𝜆𝜆, as shown in Figure 3. The 4-element 
array can resolve up to 6 acoustic sources, while the maximum number of estimated sources increases to 15 for 

Helicopter 

Satellite 

USV 

Command center 

AUV 

UICSAs 
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the 7-element array. In contrast, a ULA would require 7 and 16 sensors, respectively, to resolve the same number 
of sources as the corresponding co-prime arrays. 

 

 
Figure 3. (a) 4-element and (b) 7-element UICSA prototypes, operating at 2.5 kHz. 

 
3.2 Energy-efficient UIS techniques for UICSA 

The vertical UICSA is designed to be fully stretched by weight tethered to the tail and a float attached to the 
top.  After completion of the morphing process, UICSA requires reinforcement to maintain the structural rigidity 
through the expansion within the array structures themselves. 

 
3.2.1 Mechanical-based Expansion (MBE) approach 

The MBE approach was initially evaluated in the UICSA design [10]. It employs the hydraulic inflation method 
to complete the swelling process. The MBE design requires a watertight tubular structure and water injection into 
the UIS by an underwater pump. The hydraulic pump can inflate the fabric in a matter of minutes and keep the 
UIS at appropriate stiffness to mitigate deflection under ocean currents. In the MBE design, the injection point is 
usually at the bottom of the UIS with a vent orifice on the top. The proposed mechanism stabilizes the UIS during 
the morphing and expansion processes, as the pump provides the force to keep UIS rooted on the seafloor, and the 
vent permits restrained air to move along the structure during the injection process.  

For the tubular UIS design, we divide the structure into sections of lengths equal to hydrophone spacings to 
ensure the feasibility of the prototype. The waterproof ploy film (0.15 mm thickness) is selected to fabricate the 
UIS. The impulse heat sealer (Metronic 400 mm manual sealer) is applied to seal the closure along the UIS axial 
direction. The ends are sealed by tube fittings and holding rings with NPT female threads. The top-end connects 
with the pressure relief valve for ventilation, while the bottom end is fitted with a barbed tube fitting for water 
injection. The tubular sections and connectors are cemented together using epoxy.  The components applied in the 
prototype are built for tank test and concept verification. For deep-water deployment, the MBE UICSA requires 
an applicable deep-water pump and certified components. 

However, the MBE design has some shortcomings. The pump needs to run continuously during expansion and 
then periodically to maintain the UIS stiffness. The energy consumption required to support the pump operation 
may be especially problematic for any long-endurance monitoring missions. The pump also requires a substantial 
battery pack, which increases the size and mass of the UICSA system. In addition, the pump operation generates 
vibrations and noise, which serve as sources of interference during data collection. For this reason, we investigated 
other more energy-efficient UIS approaches. 

 
3.2.2 Chemical-based Expansion (CBE) approach 

The CBE UICSA design employs a watertight tubular structure and expandable chemical resins as infilling to 
swell and strengthen the UIS. As the UIS stiffness is achieved by chemical reactions between the mixture synthetic 

SubArray1 SubArray2 4-element array 
For 2.5 kHz signals 

(a) 4-element Co-prime array for 2.5 kHz frequency 

0.6m  

0.3m  

0.3m  

0.6m (2xλ/2)  0.9m (3xλ/2) 

0.16m  

0.16m  

0.48m  

0.48m  

0.32m  

0.32m  

0.8m (5d)  
0.48m (3d)  

SubArray1 SubArray2 7-element array 
For 2.5 kHz signals 

(b) 7-element Co-prime array for 2.5 kHz frequency 

d= 0.2667λ 
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resins, it only requires a smaller battery pack to power the mixing process and the expansion within a relatively 
shorter period. The CBE design eliminates the bulky battery required for the MBE design. One type of material 
that has been evaluated for CBE design is HMI HF402 HydroFOAM [25]. The HF402 HydroFOAM is hydro-
insensitive polyurethane foam, which can form high-quality foam even when submerged in water. HF402 begins 
with two-part pair resin and can be mixed to trigger the reaction. During a small-scale laboratory test with a 100 × 
25 mm flat tube, the hydrofoam sustained the injection, reaction, and curing phases. The underwater expansion 
process took 45s and swelled seven-times compared to the initial volume. The foam can completely cure within 5 
minutes in an environment at 21 to 28 °C. Since the cured hard solid tube has uniform infill and maintains its 
volume, there is no need for additional action once the expansion of the UIS is complete, which is an advantage 
over the MBE design. While the CBE bead structure can be recovered after the mission is over, the sensors and 
other components will need to be removed from the expanded and solidified foam and repackaged for 
redeployment. In this regard, the CBE design is more suitable for disposable, single-mission deployment using 
low-cost hydrophones and electronics. For applications requiring re-deployable UICSA, two other designs, 
namely, physical-based expansion (PBE) and hybrid-based expansion (HBE), are applicable, which are discussed 
below. 

 
3.2.3 The PBE approach 

The PBE design utilizes water swelling material (WSM) as infilling to achieve expansion after morphing. The 
WSM absorbs water molecules with volume expansion. One typical WSM is a hygroscopic gel (hydrogel), which 
can grow to over 250 times its initial volume [23]. Hydrogel, a superabsorbent polymer (polyacrylamide and 
polyacrylate), can shrink back to its initial volume through dehydration, which leads to a recoverable array design. 
With the presence of the hydrogel, the PBE design can accomplish the expansion process independently without 
any energy cost or additional actions after the UIS is pulled out of the packaging container.   

Unlike the MBE and CBE, the current PBE design employs a permeable tube for the UIS to allow WSM contact 
with the surrounding water. Hydrogel beads are utilized as infilling of the nylon sleeve forming the UIS. The 
hydrogel beads are made of condensed superabsorbent polymer and the swelling speed is relatively slow which 
takes several hours to finish the expansion process. In contrast, both the MBE and CBE designs are capable of full 
expansion within several minutes. In general, the PBE design is practical for small diameter nylon sleeves where 
reasonable stiffness can be achieved within one hour. However, the rigidity of small cross-section nylon sleeves 
was found to be lacking for larger-span structures. To resolve these issues a hollow pipe-shaped design is 
employed. In this design, a set of small diameter nylon sleeves is combined to form a panel. The panel can then be 
rolled to form a large diameter pipe, as shown in Figure 4. Such PBE design permits more surface area to have 
contact with water and expands quicker than the one made of a large diameter sleeve.  

 

 
Figure 4.  Nylon sleeve hollow pipe design. 

 
Both the single tube and hollow pipe-shaped PBE based UIS requires longitudinal uniform infilling. If the beads 

are placed unconstrained inside a vertical UIS, it will have a solid lower section but insufficient rigidity in the 
upper section. Based on this finding, a narrow column made of water-soluble paper is introduced to store the dry 
beads and ensure an even distribution along the length of the structure. After the structure comes into contact with 
water, the restriction is lifted, permitting the beads to grow while staying at a pre-set stacking location along the 
array length. 
 
3.2.4 The HBE approach 

We summarize the advantages and limitations of MBE, CBE, and PBE designs in Table 1, where the red blocks 
represent restrictions, the acceptable conditions are marked in yellow, and the advantages are shown in green. We 
note that all three designs have limitations to create a compact, rapidly deployable, and recoverable UICSA.  In 
particular, the PBE design may take an hour or longer to complete the expansion, and is prone to entanglements 
and twisting due to ocean currents and marine life. These issues motivated us to investigate an HBE design. 

Single sleeve   Sleeve Panel  Hollow Pipe  
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Specifically, we integrate MBE and PBE concepts to build an HBE UIS, which can complete the initial expansion 
in a short time and reduce energy consumption to maintain structural stiffness. 

The proposed HBE design is a hybrid of external MBE and internal PBE configuration. The outer and inner 
layers are attached at both ends to ensure morphing synchronization. The PBE based UIS can achieve rigidity 
rapidly with water injection after fully morphed, and it maintains rigidity through the built-in expanding PBE 
structure. 

 
Table 1. UIS design benefits and detriments 

UIS Designs MBE CBE PBE 
Initial volume Large Small Small 
Initial weight Heavy Light Light 

Initial Expansion speed Quick (< 10minutes) Quick (< 10 minutes) Slow (> 1 hour) 
Power consumption Bulky battery Not required Not required 

Maintenance After Expansion Period inflation required No No 
Generated Noise Pump inflation No No 

Expanded structure Thin-film tube Rigid beam Semi-rigid beam 
Recoverability Yes No Yes 

 

 
Figure 5. HBE design expansion process 

 
Figure 5 describes the expansion process of HBE based UIS. The HBE UIS requires materials including 

watertight films as an external layer, permeable fabrics as an internal layer, and WSM as infill for expansion. The 
outer layer ensures water retention after the initial expansion through water injection. After the initial pump 
injection, the flat structure turns into a thin-wall tube containing internal pressurized water. It maintains certain 
stiffness against external forces. In the meantime, the inner layer is permeable to allow water contact with 
contained WSM and starts the moderate expansion. The internal PBE layer eventually turns into a solid beam after 
full expansion and reinforces the rigidity during data collection. 

The HBE design employs a hydraulic approach to accomplish initial expansion, similar to the MBE approach. 
However, it eliminates the periodical inflation required in the original MBE design after the initial expansion as 
the internal PBE layer starts to swell.  Theoretically, the WSM can absorb water within the watertight external 
layer and continue the absorption with given access to the surrounding water. Since the pump is only required for 
initial injection, a smaller battery pack may be employed to support the initial pump operation and hydrophone 
data acquisitions. Therefore, the initial package volume, mass, overall energy consumption, and cost can be 
significantly reduced compared to the original MBE design.  

In addition to the reduced energy consumption, the HBE design is more robust than MBE against punched holes 
or leakage in the sealed layer. As the HBE’s eventual rigidity is determined by the internal layer, the leaked external 
layer only affects expansion speed and the HBE based UIS can subsequently reach the predetermined rigidity with 
full expansion.  The applicable depth for the HBE design depends on the applied components of the MBE design 
for initial expansion and the infilled WSM of the PBE design for maintaining the final geometry. 

 
4. System prototyping and validation tests in laboratory 

 
In this section, we report on the HBE based UICSA material evaluation, prototype fabrication details, and 

deployment in laboratory tanks. 
 

4.1 Pressure test of materials 
To minimize the initial volume of the HBE based UICSA, we select hydrogel beads as the WSM infillings. The 

hydrogel beads are made of condensed superabsorbent polymer, so the swelling speed is relatively slow compared 
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Package Infilling growthInitial MBE 

Expansion
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to the powder. In preliminary tests, it took several hours for the UIS to expand and achieve a reasonable stiffness 
after deployment [23].  

Since the UICSA is designed for deployment in shallow coastal water at around 100 to 150 m depth, we 
evaluated the hydrogel beads performance in a similar ambient environment with a water pressure chamber which 
is shown in Figure 6(a). During the test, we placed hydrogel beads of different colors in the sealed chamber as 
illustrated in Figure 6(b), then pressurized the chamber to reach 1241 kPa (equivalent to 125 m depth) with the 
help of a dial indicator, as shown in Figure 6(c). We maintained the pressure level for six hours to observe the 
performance of the beads through the viewport. We also placed one set of beads in a water cup under normal 
pressure as a controlled trial; the beads took eight hours to fully expand, as shown in Figure 6(d). Interestingly, we 
noticed that the beads in the pressurized tank fully expanded in about one hour, as seen in Figure 6(e). Compared 
to the eight hours for the submerged beads to achieve full expansion under normal pressure, an increase in the 
ambient pressure accelerates the swelling process.  The diameters of the swollen beads were roughly 15.8 mm, as 
presented in Figure 6(f). We also opened and retrieved the swollen beads after six hours and compared their 
measurement with the dry beads as shown in Figure 6(g). The diameters of the dry beads are approximately 3.2 
mm and those of the swollen beads are 14 mm roughly. Therefore, the diameters of the fully swollen beads were 
at the same level regardless of the applied pressure. The results demonstrate that the hydrogel beads can swell in 
a shorter time under pressure, maintain integrity for a long time, and provide about 80 times volume expansion. 

 

 
Figure 6. Hydrogel beads pressure chamber test 

 
4.2 UICSA prototype design 

We fabricated the UICSA prototypes in compliance with the designs elaborated above. Specifically, four 
different prototypes were developed: a 7-element MBE-based UICSA, 4-element and 7-element PBE based 
UICSAs, and a 7-element HBE based UICSA [10, 24]. Most components applied in the UICSA prototyping 
process were built through fused deposition modeling (FDM). The parts required to be watertight were coated with 
epoxy. In the interest of brevity, we only present the details of the 4-element HBE based UICSA prototype; the 
details of other prototypes are documented in [10, 24]. 

 

 
Figure 7. 4-element HBE based UICSA structural details 
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The tubular structure assembly of the 4-element HBE based UICSA comprised two tubes: the external tube 
made of watertight Polyester film, and the internal tube made of Nylon sleeve filled with WSM- dry hydrogel 
beads, depicted in Figure 7(a). The outer tube was attached to the inner tube at both ends using glue. The internal 
tube contained dry hydrogel beads stored in a string of soluble paper bags. The HBE based UICSA consisted of 
circular holders, tubular structure assembly, cable clamps, barbered tube fitting, and pressure relief valve, as shown 
in Figure 7(b). The external tube is sealed at both ends, leaving one end connected with barbered tube-fitting for 
water inflation and the other with a pressure relief valve for trapped gas ventilation. Figure 7(c) depicts HBE based 
UICSA with both ends sealed and tightened by cable clamps, while the remaining holders are glued to the external 
tube. The applied circular holder is designed to carry two types of hydrophones (Teledyne RESON TC 4013 [26] 
and Aquarian H2a [27]). Figures 7(d) and 7(e) show the circular holder carrying Teledyne and Aquarian 
hydrophones, respectively. 
 
4.3 Validation of prototype expansion after deployment 

Having validated the UICSA morphing process with the MBE-based UICSA and the expansion performance 
after being entirely morphed for the PBE based prototypes, as reported in [10] and [24], we conducted the 
feasibility test of the 4-element HBE based UICSA. 

 

 
Figure 8. 4-element HBE based UICSA expansion process 

 
Figure 8 presents the expansion process of the 4-element HBE based UICSA. The prototype required an 

underwater pump at the bottom end for water injection, while the top end needed to be connected with an opened 
pressure relief valve to allow the flow from bottom to top and to ensure that the internal nylon sleeve is submerged. 
The bottom end was also tethered with weight and the top-end secured with a crossbar over the water tank to keep 
the array stretched.  Because the water tank was not deep enough, we had to tilt the UICSA to ensure that the 
structure remained below the surface. Figure 8(a) reveals the initial state of the structure, which is flat and slack. 
Once the pump started to inject water into the array, the UICSA became stiffer due to the pressure difference. 
Then, the hydrogel beads grew to a large volume and reinforced the structure stiffness, as seen in Figure 8(b). 
After complete expansion UICSAs can operate as a sensing node.  

After the validation of the prototype expansion process, we also conducted a numerical study to understand the 
performance of the fully expanded UICSA structure under external forces, such as ocean currents. Because the 
HBE based UICSA stiffness is contributed by the MBE-based structure at the beginning and later by the PBE 
based structure, we deduce that a fully expanded HBE based structure demonstrates the same structure response 
as the PBE base UICSA with the same dimensions.  As such, we only created numerical models of MBE, CBE, 
and PBE based UICSAs tethered with a buoy on the top and moored on the seafloor. Based on the simulation 
results in OrcaFlex [28], although all of the considered UICSAs drift along the direction of the ocean current with 
a slight curvature along the array length, they all maintain the hydrophones at the correct relative locations under 
the small current conditions. This implies that the UICSA should work properly as a sonar array for source 
estimation [29]. To assess the design and validate the simulation results under realistic conditions, we conducted 
a field deployment in the presence of underwater flow and marine animals, as described in the following section. 

 
5. The initial field validation experiment 

 
5.1 Prototype field deployment in HBOI Channel 

In this initial field experiment, we deployed a fully expanded 7-element PBE based UICSA, because the fully 
expanded HBE UICSA has the same structural stiffness as the PBE design. We previously employed the same 
PBE based UICSA prototype in an acoustic test tank for data collections [24]. After the acoustic test tank 
experiment, the prototype was retrieved from the acoustic test tank and left in a dry environment for dehydration. 
Once the infilling shrank back to its initial volume, the UICSA was packed and stored in a container. Using the 

(a) (b) 

50

Y. Li et al. Journal of Civil Engineering and Construction 2022;11(1):41-55



 

 
 

same prototype in the field experiment, thus, also provides an opportunity to test the reusability of the UICSA after 
dehydration of the hydrogel beads.  

The total spacing from the first hydrophone to the last hydrophone is 1.92 m for the 7-element UICSA. However, 
the actual structure length is fabricated to be 2 m, leaving space on both ends for lift and weight installation. We 
selected the HBOI channel as the initial field test site instead of fully open water, such as the Indian River Lagoon 
or Atlantic coastal area. The primary consideration for this choice was to reduce the complexity of the field test. 
The Harbor Branch channel outlet connects to the Indian River Lagoon, as shown in Figure 9(a), and introduces 
the currents from the East to the West. To avoid multipath arising from the floor/walls, the deployment site depth 
needs to be over 4.5 m. The majority of the channel depth is about 4 m, which only leaves three possible locations 
for deployment in front of the dock area, marked as Sites A, B, and C in the hydrographic map of Figure 9(b), 
where the depth is marked in feet. The boat employed for array deployment could drift under the waves, currents, 
and wind during the field test. To mitigate such effects, the boat needed to be tied to the seawall post. As such, 
Site C turned out to be the best option because of its close proximity to the seawall at 8 m away, thereby permitting 
the HBOI research vessel (Harbor Branch Pontoon #2) of 7.5 m length to reach this site while tied to the seawall 
post. The purple pentagon marked in Figure 9(b) represents the Pontoon #2 parked perpendicular to the seawall 
with the bow reaching Site C.  

The channel also serves as a habitat for marine animals, such as dolphins, groupers, and manatees. As the 
UICSA is a passive array, it is necessary to deploy an active sound source during the field test operating at a center 
frequency of 2.5 kHz. This frequency is within the hearing spectrum of dolphins and manatees. To avoid causing 
any harm to marine mammals, the power of the sound source is required to be below 60 dB. As the embedded 
Aquarian H2a hydrophone can distinguish the sound over ambient noise within 15 m range, the speaker has to 
deployed from the boat instead of a far-field location.  

 

 
Figure 9. HBOI Channel and site selection. 

 
We also had a time constraint since the test was to be completed in the channel within a four-hour window. 

Therefore, it was impractical to deploy the flat 7-element PBE based UICSA, which requires hours to reach the 
desired stiffness. Consequently, we pre-expanded the prototype in the Systems and Imaging Lab (SAIL) indoor 
tank overnight and examined it to ensure that the desired stiffness was achieved before the field test.  

We loaded the re-expanded array on Pontoon #2, shown in Figure 10 (a). During the test, the boat was anchored 
using a three-point mooring to mitigate drifting. Two fluke anchors tethered to the bow of the boat were deployed 
in the channel. The stern was tied to the post next to the seawall. Figure 10 (b) shows Pontoon #2 traveling across 
the channel to deploy the anchors. After the front two anchors were deployed, Pontoon #2 was moved backward 
to reach the seawall post to fasten the stern perpendicular to the seawall. After the boat was anchored, the bow 
reached Site C with the 5.18 m depth. Using a marked rope, the array was deployed with the first hydrophone at 1 
m depth below the surface. Figure 10(c) shows the UICSA deployed from the Pontoon #2. After the array was 
secured at the desired depth, an INSMY IPX7 waterproof speaker [30] was deployed from predetermined locations 
around the boat at a 0.5 m depth, pointing towards the array. The experimental layout for the acoustic tests is 
shown in Figure 10 (d). The red dots denote the speaker’s locations, and the yellow dot indicates the array position. 
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At each location, we collected two sets of measurements; a monochromatic measurement where the speaker played 
a looped 2.5 kHz single tone, and a multi-frequency measurement with the speaker emitting a chirp signal of 
bandwidth 300 Hz centered at 2.5 kHz.  The data were recorded by the deployed array using two Zoom H6 data 
loggers [31] with a sampling frequency of 96 kHz. The current data loggers are not submersible and require manual 
operation for data acquisition. For comparison, we also deployed a 7-element co-prime array on a rigid structure 
and repeated the same experiments as that for the UICSA prototype. During the field deployment, we observed 
that in chirp measurements with the rigid array, the hydrophone marked in black in Figure 3(b) malfunctioned. 

 
5.2 Acoustic performance using the field experimental data 

To validate the acoustic performance of the UICSA, we processed both the single tone and the chirp 
measurements from the field test. The signal model detailed in Section 2.1.1 deals with far-field measurement 
conditions. Due to the constraints imposed by the channel dimensions, the speaker positions 1, 2, and 5 in Figure 
10 (d) are closer to the array and, thus, exhibit a much higher deviation from the far-field source approximation 
compared to positions 3 and 4. Therefore, these were excluded from performance evaluation for the case of 2.5 
kHz single tone data. On the other hand, for near-field source localization with the chirp signals using the method 
discussed in Section 2.1.2, we considered speaker positions 1 and 2 only.  

Table 2 shows the nominal DOA for speaker positions 3 and 4 based on the ground truth, with 𝜃𝜃𝑡𝑡  and 𝜃𝜃𝑏𝑏 
denoting the respective directions of the speaker relative to the top and bottom hydrophones of the co-prime array 
and 𝜃̅𝜃  being the average DOA. Ideally, the angular spread across the array should be zero under far-field 
conditions.  Although the considered speaker positions do not satisfy the exact condition for the far-field source, 
nonetheless, we expect reasonable estimation accuracy with far-field processing. Since only a single acoustic 
source was present per experiment, we employed OMP with a sparsity level set to 1 for DOA estimation. For both 
the UICSA and the rigid array, we used measurements from speaker position 3 for calibration and retained the 
same calibration for processing data from position 4. The last two columns of Table 2 provide the resulting DOA 
estimates for the UICSA and the rigid array, respectively, while the corresponding normalized OMP spectra are 
depicted in Figure 11. We observe that, for each speaker position, the estimated DOA using both arrays falls within 
the corresponding nominal angular spread and is close to the corresponding average DOA. These results 
corroborate that the UICSA provides similar performance to that of a rigid co-prime array. 

 

 
Figure10. Field test setup. 

 
Table 2. Nominal and Estimated Source DOAs. 

Speaker  Nominal DOA (deg) DOA Estimate (deg) 
θ𝑡𝑡  θ𝑏𝑏   θ�   UICSA Rigid 

Position 3 3.77 17.68 10.72 10.54 10.72 
Position 4 3.88 18.16 11.02 12.88  9.64 
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Figure 11. Normalized OMP spectra. 

 

 
Figure 12. Normalized near-field beamforming spectra. 

 
For near-field processing with both UICSA and the rigid array, the data from position 1 is used for calibration, 

and the same calibration is retained for processing the data from position 2. The normalized near-field 
beamforming spectra are depicted in Figure 12 where the true source positions are marked with “o”. The array is 
aligned along the positive y-axis. At a propagation speed of 1500 m/s for sound in water, the range resolution is 5 
m for the 300 Hz bandwidth, causing the main lobe to be extended in range. However, the peak intensity value, 
which is the source location estimate and marked as “+” in Figure 12, is very close to the ground truth for the 
UICSA.  For the rigid array, only position 1, which is self-calibrated, is accurately estimated. For position 2, 
although the direction of the source is resolved, the location estimate exhibits a large bias. This is caused by the 
malfunctioning of the first hydrophone. The specific hydrophone is said to be essential for reliable processing 
since the deletion of this hydrophone results in a reduction of the degrees of freedom offered by the co-prime array 
[32]. As such, its loss due to malfunctioning leads to erroneous estimate by the rigid array. 

 

(a) Position 3 UICSA (b) Position 4 UICSA 

(c) Position 3 rigid (d) Position 4 rigid 
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6. Discussions and conclusion 
 
In this paper, we investigated various aspects of UICSA, including concept validation, design, prototyping, 

laboratory validation tests, and field performance tests. The UICSA deployment strategy was documented and 
validated with tests.  The UIS design concept with four different approaches, namely, MBE, CBE, PBE, and HBE, 
was detailed. The HBE based UICSA prototype was fabricated and deployed in SAIL tank, which validated the 
HBE prototype’s performance as proposed. Besides, we also validated the HBE UICSA related infilling WSM’s 
performance, which can swell and maintain its integrity at 125m depth in the pressure chamber test. Using 
measurements with a PBE design in field tests, we demonstrated that a UICSA could accurately estimate sources.  

The current prototype was developed to validate the proposed concept. As such, some components will need 
further development to be ready for field tests in deeper water. For example, the data acquisition device cannot 
operate underwater and the 3D-printed holders are not suitable for deep water. The next-generation prototype 
needs to be fully submersible and configured to acquire data automatically. Further development is required in 
terms of the design of a new control device together with the hydrophones fully embedded within the HBE UIS to 
reduce the initial volume, along with other required components including battery and pump, to fit the compact 
deployable container.  We also envision further improvements in the structural designs, enhanced processing 
methods to address sound speed ambiguities and hydrophone positioning errors under large current conditions, 
and performance validations using field tests under more challenging environments. Moreover, we plan to extend 
the proposed UICSA designs to two-dimensional sonar array configurations. We also aim to expand the UIS 
concept to other ocean engineering applications, like marine animal detection and surveillance task. 
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