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As humans explore greater depths of Earth’s oceans, there is a growing need for 

the installation of subsea structures. 71% of the earth’s surface is ocean but there are 

limitations inherent in current detection instruments for marine applications leading to the 

need for the development of underwater platforms that allow research of deeper subsea 

areas. Several underwater platforms including Autonomous Underwater Vehicles (AUVs), 

Remote Operated Vehicles (ROVs), and wave gliders enable more efficient deployment of 

marine structures. 

Deployable structures are able to be compacted and transported via AUV to their 

destination then morph into their final form upon arrival. They are a lightweight,   compact 

solution. The wrapped package includes the deployable structure, underwater pump, and 

other necessary instruments, and the entire package is able to meet the payload capability 

requirements.  Upon inflation, these structures can morph into final shapes that are a 
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hundred times larger than their original volume, which extends the detection range and also 

provides long-term observation capabilities.  

This dissertation reviews underwater platforms, underwater acoustics, imaging 

sensors, and inflatable structure applications then proposes potential applications for the 

inflatable structures. Based on the proposed applications, a conceptual design of an 

underwater tubular structure is developed and initial prototypes are built for the study of 

the mechanics of inflatable tubes. Numerical approaches for the inflation process and 

bending loading are developed to predict the inflatable tubular behavior during the 

structure’s morphing process and under different loading conditions.  The material 

properties are defined based on tensile tests. The numerical results are compared with and 

verified by experimental data. The methods used in this research provide a solution for 

underwater inflatable structure design and analysis. Several ocean morphing structures are 

proposed based on the inflatable tube analysis.    
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CHAPTER 1 - INTRODUCTION

Oceans account for 71% of the Earth’s surface with abundant fishing, mineral, 

hydrocarbon, food, and marine pharmaceuticals resources, which makes ocean research 

one of the hottest research and development topics. Detection of marine resources, 

pollution monitoring and abatement, disaster warning, and global warming present 

demands for further ocean research and the development of new technologies and 

approaches for ocean exploration. In this chapter, we will discuss two different topics in 

ocean exploration research: underwater platforms and marine instruments. After that, the 

various specialized applications of the inflatable structure will be discussed. The chapter 

closes out with a review and evaluation of the inflatable structure analyses methods which 

leads to the approach selection discussed in Chapter 2. 

1.1 Underwater exploration introduction 

Oceans historically have an enormous influence on humanity, but even with 

thousands of years of research, we still know very little about our seas and oceans. 

Moreover, most ocean studies have focused on shallow waters and the sea surface [1]; 

deep-sea exploration remains a frontier research field. The average ocean depth is 3800m, 

and the deep-sea area (anything with depth greater than 2000m) accounts for 84% of the 

world’s oceans, which is a largely unexplored part of the Earth. Environmental 

deterioration and resource exhaustion has driven a growing urgency for ocean exploration. 

Oceanic discoveries have opened doors for finding novel life forms, new energy sources, 
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and new pharmaceuticals, and have also enabled a better understanding of the origins of 

life [2]. 

Research institutions and organizations around the world have collaborated to 

enable full ocean exploration including sea floor, coastal water and deep-sea regions, and 

the sustainable development of their resources. In the history of ocean exploration and 

research, at least 20,000 new biochemical substances from marine plants and animals have 

been identified, each with unique properties for fighting disease [3]. Such discoveries also 

provide the answer for the Earth’s natural processes throughout history which is used to 

verify the plate tectonics theory. Mapping the seafloor illuminates details about the 

fundamental generation process [4]. Explorations also reveal new ecosystems underwater 

which are supported by chemosynthetic bacteria that derive energy from hydrogen sulfide 

and methane [5].  

Exploration is the first step for ocean discovery, and the best approach for data 

acquisition is field experiments. Scientists and researchers lead these experiments and 

obtain data using a variety of platforms and instruments.  

1.1.1 Underwater research platforms 

Thanks to the development of today’s technologies, we can explore the ocean by 

different platforms, such as research vessels and submersibles [6]. Research vessels collect 

weather, climate, and other information about the ocean using onboard equipment, then 

share the data with divers, submersibles, and other underwater observation systems within 

a particular sea area. Vessels are the most critical and stable platforms for scientists to 

utilize for scientific ocean research. Although the oceanic studies can partially be done 

using satellites, shipboard sensors, and divers, submersibles are the only platform for 
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abyssal depth ocean research and experiments. Thanks to decades of development for 

submersible technologies, submersibles are built with sufficient strength to withstand the 

high pressure and low temperatures inherent in the deep sea water (DOW) environments 

[7]. There are two types of submersibles, manned and unmanned, which allow us to dive 

deeper into the ocean and provide a new perspective and method to observe, describe, and 

explain deep ocean realm phenomena.  

The Johnson-Sea-Link (JSL) is a typical manned submersible, owned by the Harbor 

Branch Oceanographic Institution (HBOI) [8]. It is a 7.0 m long, 3.3m high, 2.7m wide 

maneuverable submersible that can dive to a depth of 900m with one knot speed (3.24km/h). 

The JSL can carry four crew members (one pilot, three observers) in two separate 

compartments for one research mission. The JSL is designed to be highly flexible and 

adaptable with hydraulic robotic arms and a suction tube for sample collection.  

Two types of unoccupied submersibles are remotely operated underwater vehicles 

(ROV) and autonomous underwater vehicles (AUVs), which travel underwater by remote 

control or programmed code. ROVs are tethered underwater mobile devices equipped with 

two robotic arms with gripping jaws, cameras, sonar, and LiDAR or other equipment as 

needed for specific missions. ROVs are operated by the crew on a research vessel through 

the neutrally buoyant tether, which can be used for communication and power supply. 

However, an ROV’s detection range area is limited by the length of the cable. AUVs are 

free from such tether limits and have high mobility. AUVs provide scientists the possibility 

to monitor the sea environment and collect data in a cost-effective manner. Currently, 

AUVs are deployed for various applications, such as underwater pipeline laying, marine 

construction support, underwater equipment inspection and maintenance, and air crash 
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investigations. With the expanding demand for deep sea study, the next-generation AUVs 

are expected to be upgraded with new drivers, feature new vehicles types, new sensors, and 

new approaches to risk and reliability for AUV management.  

The Bluefin Spray Glider is an underwater glider that provides a long range 

autonomous platform for long term deployment missions. Spray gliders use wings to 

provide lift and propel themselves by changing buoyancy. The change of buoyancy is 

accomplished by using a hydraulic pump, the change of attitude for pitch and roll is based 

on the internal battery packs shift [9]. Specifications for the Spray Glider are shown in 

Table 1.1. 

Table 1.1 Bluefin Spray Glider Specifications [10] 

Diameter 0.2 m 

Length 2.13 m 

Wing Span 1.2 m 

Weight 52 kg 

Payload 3.5 kg 

Energy 17.5 MJ 

Speed 0.19-0.35 m/s 

Depth 1500 m 

Duration 180 days 

Range 7000 km 

Navigation 

method 

Compass, depth sensor, GPS 

Waypoint boundary navigation system 

  

The specifications from Table 1.1 show that the Bluefin Spray Glider is designed 

for persistent monitoring over large areas underwater. Researchers can control the glider 

trajectory by setting waypoints, or target positions. The glider can steer to the preset points 

by controlling its buoyancy, orientation, and balance point. The wings provide the glider 
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lift to move horizontally. Maximum depth for the glider is designed for 1500m beneath the 

surface; an optimized maximum depth is also required to prevent hitting the seafloor. The 

glider is easy to deploy from the board due to its compact size and light weight. One typical 

motion cycle is shown in Figure 1.1. The glider rises to the surface and rotates the hull 90 

degrees to upload the data it collects by the wing in the air, which is embedded with a 

combined GPS/Iridium antenna. The glider then changes its attitude to 18 to 25 degrees 

head down to dive in the water. It takes 5 hours to reach the lowest point with a forward 

speed of 0.25-0.35 m/s. Once reaches the lowest point, the glider makes itself buoyant by 

pumping the inflatable bladder, then changes the attack angle to raise its nose to the surface. 

Upon reaching the surface, it rolls 90 degrees to lift the wing in the air for communication. 

The glider repeats these up and down movements to go through all the presupposed 

waypoints. 

 

Figure 1.1 Spray Glider typical motion cycle in action [11]. 

The Bluefin Robotics offers numerous AUV models for a wide range missions; 

these AUVs are designed as platforms for different water depths and can work 
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cooperatively to provide a solution for the underwater exploration from the surface to 

4500m underwater. The concept for AUVs cooperation is shown in Figure 1.2, and the 

specifications are given in Table 1.2. 

 

Figure 1.2 Bluefin Robotics AUV platforms for undersea applications [12] 

Table 1.1.2 Bluefin Robotics AUV Specifications [12] 

AUV Type Bluefin-9 Bluefin-12S Bluefin-12D Bluefin-21 

Diameter 0.24 m 0.32 m 0.32 m 0.53 m 

Length 1.75 m 3.77 m 4.32 m 4.93 m 

Weight (Dry) 60.5 kg 213 kg 260 kg 750 kg 

Payload 10 kg 35 kg 43 kg 125 kg 

Energy 1.5 kWh 4.5 kWh 7.5 kWh 13.5 kWh 

Speed 1.5-2.6 m/s 2.6 m/s 2.6 m/s 0.19-0.35 m/s 

Depth 200 m 200 m 1500 m 4500 m 

Duration 12 hours 26 hours 30 hours 180 days 

Communications RF and 

acoustic 

RF, Iridium and 

acoustic 

RF, Iridium and 

acoustic 

RF, Iridium and 

acoustic  
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The Bluefin Robotics AUVs have a basic torpedo form with three standardized 

diameters (0.24m, 0.32m, and 0.53m). The vehicles’ lengths range from 1.75m to 5m to 

accommodate different needs for various survey missions.  Bluefin-9 is compact; this 

lightweight AUV can be quickly deployed with two crew on board, and is equipped with a 

side scan sonar and camera for standard payload. Bluefin-12 is a highly modular AUV 

platform, and can be implemented in both shallow waters (200m) and deep seas (1500m). 

The Bluefin-12S is designed to operate in up to 200m water depth. It is equipped with an 

inertial measurement unit-based navigation system, which provides a cost efficient solution 

for high-quality data acquisition without an inertial navigation system (INS). The Bluefin-

12D is the ultimate edition of the Bluefin-12 series for deep water surveys, and is equipped 

with INS-based navigation. The Bluefin-12D has greater energy and payload capability 

than the Bluefin-12S, and can dive to 1500m. The Bluefin-12 series have been used for 

typical applications including archeology, exploration, and seafloor survey. The Bluefin-

21 is the largest AUV platform from Bluefin Robotics. It has the capability to reach depths 

of 4500m. Bluefin-21 is equipped with INS navigation and an ultra-short baseline system 

for more accurate positioning. The modular design of the Bluefin-21 makes it compatible 

with a variety of sensors and payloads, so it is suitable for execution of deep-sea surveys. 

Typical applications for Bluefin-21 are oceanography, mine countermeasures, marine 

archeology surveys, salvage detection, and offshore surveys [12]. Bluefin-21 was utilized 

for the deployment for Malaysia Airlines Flight 370 by mapping the Zenith Plateau with 

its side-scan sonar. The Bluefin-21 was used on 25 missions with 370 hours of operation 

to cover 650 square kilometers. 
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1.1.2 Underwater research instruments 

Underwater exploration requires detailed study and observation, and requires tools 

that can overcome obstacles including dark environment, radio communication blocks, and 

high water pressure. A variety of tools and observational sensors equipped with platforms 

above can provide basic information about the ocean. In this section, we will introduce 

primary instruments and imaging system technologies which have already been integrated 

with ocean research platforms. 

 The Acoustic Doppler current profiler (ADCP) [13] is a hydro-acoustic current 

meter, which measures ocean currents velocities using Doppler Effect [14]. The ADCP has 

transducers to emit and receive sound signals, which have a particular angle with ADCP’s 

axial line. The fixed-frequency sound from the transducer will bounce back after 

encountering the particles in the water. Since the particles move with the water, the return 

sound frequency goes lower when the particles move away from the ADCP.  ADCPs are 

widely used for oceanography for ocean current measurements. They can also be deployed 

in canals and rivers to measure the discharge. ADCPs can rapidly profile the three 

dimensional current velocities and combine the information instantaneously, avoiding 

misplaced data. ADCPs can measure the absolute speed of the flow, and the water column 

coverage is up to 1000m.  

For ocean discovery, obtaining underwater visibility is a primary objective for 

underwater target detection and observation. Currently, there are three main approaches 

for underwater imaging: conventional optics; Sonar (Sound Navigation And Ranging), and 

Lidar (Light Detection And Ranging). Conventional optical imaging instruments are 

traditional cameras which can be used for long-term monitoring and observation [15]. 
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However, conventional cameras need extra light sources for deep-sea applications and also 

have limited coverage volume (within several decameters). Side imaging sonar is one 

typical Sonar technology application used for seafloor mapping and marine archaeology 

[16]. Side imaging sonar is equipped with a sonar transducer array on each side which 

emits pulses spreading towards the seafloor. Backscattering waves are generated by the 

pulses hitting objects or the seafloor. The transducer array can receive the backscattering 

waves and transfer the signals to electric pulses. The reflections are recorded to transform 

into a series of geomorphology slices along the sonar path. The seafloor profile can be 

generated by combining all the slices. Side imaging sonar usually uses sound frequencies 

from 100 to 500 kHz; higher rates can generate better resolution imaging with less coverage 

volume. The Lidar system uses ultraviolet, visible, or near-infrared light to illuminate the 

objects. The reflections can be received by the photodetector and recorded as electric 

signals [15]. One set of light emission and reception times along with the electric signals 

forms a database which contains the target spatial three-dimensional information and light 

intensity to achieve the target 3D imaging. One of the subsea Lidar applications is 

Unobtrusive Multi-static Serial LiDAR Imager (UMSLI) at HBOI [17], shown in Figure 

1.3. The assembled UMSLI system contains water cubes, turbine, power supply, laser 

illuminators, detectors, and support arms. The UMSLI system is designed for deployment 

in deep water to produce images from objects within the scan volume located from the 

transmitter to between 5-8 meters. The turbine will generate power from the ocean currents 

to allow the system to work for a long time. Its operating frequency is around 2Hz. The 

system contains multiple wide angle (120 degrees) modulated laser illuminators and bucket 

detectors which would be able to cover omnidirectional scene volume. In an adaptive mode, 
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the system can project a sparse grid of pulses with higher peak power for longer range 

detection (>10m) and track animals within the zone of interest at closer range (<5m). It is 

worth mentioning that the sparse scan is in a zigzag pattern. Once the animal target is 

detected, the system will do sparse tracking in a zigzag pattern and then turn to a dense 

tracking mode to get high-resolution imagery for the identification of marine life. 

 

Figure 1.3 Unobtrusive Multi-static Serial LiDAR Imager (UMSLI) 

1.2 Inflatable structure introduction 

Applications for inflatable structures [86,91-93,95] have been widely and 

successfully used due to advantages such as low stow volume, mass, cost, good damping, 

and good thermal properties. Inflatable applications are used in architecture, aviation and 

aerospace fields, and for entrainment. 

1.2.1 Civil Engineering Applications 

Air-inflated structures, which are made of pliable materials, derive their structural 

integrity by an internal pressurized air support. This concept was implemented on a large 

scale by David Geiger with the United States pavilion at Expo `70 [18]. The shape of an 

air-supported structure should have an evenly-pressurized surface; if it does not, the 

structure will be unevenly supported and will have wrinkles and stress points on the surface 
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which may cause failures. In recent years, completely self-supported inflatable structures 

without a solid structural member have been widely used. These applications take 

advantage of the convenience of inflatable structures to reduce assembly time and travel 

weight [19]. Figure 1.4 shows an inflatable shelter, which can be deployed in a short time 

and provide storage and maintenance room for large equipment [20]. Figure 1.5 

demonstrates an inflatable rubber dam, which provides a cost-efficient solution for flood 

control and prevents seawater intrusion into freshwater areas [21]. 

 

Figure 1.4 Inflatable shelter (Lindstrand, 2000) 

 

Figure 1.5 Air filled inflatable rubber dam 

1.2.2 Aeronautic Engineering Applications 

Deployable Wings offer extended wingspan for aircrafts while providing a 

lightweight and compact stowage solution [113]. The most successful inflatable airplane 



 
 

12 
 

was Inflatoplane made by Goodyear [22], shown in Figure 1.6. Although the project was 

eventually cancelled, it proved its flight capabilities by meeting the initial design objectives. 

The Inflatoplane also proves the inflatable wings’ capabilities. Recently, inflatable wing 

technology has become a frontier research field for unmanned aerial vehicles (UAV) 

applications [23-27]. The inflatable wings enable UAVs to be more effective for 

transportation by providing a compact wing storage configuration. Since UAV flight 

endurance is based on wingspan, extendable wings can increase UAV flight time. Figure 

1.7 shows the concept of an inflatable wing UAV, developed by a research group at 

University of Kentucky and Oklahoma State University [28].  

 

Figure 1.6 Inflatoplane (GA-468) [22] 
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Figure 1.7 Inflatable wings UAV [28] 

1.2.3 Aerospace Engineering Applications 

Inflatable structures are widely used in aerospace applications [90, 94, 98, 99] to 

comply with lifting capability requirements for carrier rockets. More recently, many space 

missions [101-112] have proposed large inflatable structures for lightweight radiometers, 

solar sails, habitats, radars, deep space antennae, solar concentrators, aero shells, and 

telescopes. Figure 1.8 shows the inflatable antenna was correctly inflated. This experiment 

operated in 1996 is the first aerospace application for lightweight inflatable deployment 

[29].  Figure 1.9 demonstrates the inflatable heat shield of the Inflatable Re-entry Vehicle 

Experiment (IRVE) [30].  
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Figure 1.8 Inflatable Antenna [29] (NASA, 1996) 

 

Figure 1.9 Inflatable heat shield of IRVE [30] (NASA, 2009) 

1.2.4 Ocean Engineering Applications 

Compared with aerospace environments, subsea survey and exploration involves 

greater obstacles, including high pressure, light and electromagnetic wave attenuation, high 
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costs of subsea structure and instrument deployment, and high maintenance expense. With 

the development of current technology, inflatable structures are introduced into subsea 

discoveries and studies. Open-ocean-aquaculture cages are a successful application for 

underwater inflatables deployment, which can provide solutions for the issues that hold 

back the open ocean aquaculture community [31]. Figure 1.10 shows the inflatable open-

ocean-aquaculture cage; the blue frames are inflatable tubes [32]. A portable underwater 

habitat was recently developed by a research group from National Geographic [33]. 

Underwater habitats provide a resting place for divers to rest and breathe underwater. The 

habitat is made of vinyl embedded fabric and reinforced with nylon straps, shown in Figure 

1.11. 

 

Figure 1.10 Open-ocean-aquaculture cage prototype [32] 
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Figure 1.11 Subsea portable habitat (National Geographic Society) [33] 

1.3 Inflatable structure analyses 

Traditional inflatable structure designs usually employ conventional design 

methods based on the dimensional and strength requirements of different projects. 

Researchers recently learned to use computational tools to design the shape of the inflatable 

structure and check optimization before manufacturing [96], which saves a lot of time and 

material. The concept of inflatable structure design is known as fabrication-oriented 

computational design, which seeks to develop software, typically based on a mix of 

interaction and optimization-based approaches, that facilitates the design of artifacts, 

taking into consideration not only functionality and aesthetics, but also ease of 

manufacturing and assembly. Several approaches [116] have been presented for translating 
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functional goals such as appearance, articulation, deformation behavior [89,97], kinematic 

motion [87,88], or a combination of these [34] into manufacturable designs.  

In the paper “Computation Fabrication and Display of Material Appearance” [35], 

Hullin et al. summarize various research efforts from the world of fabrication display, and 

categorize the different approaches into a common taxonomy. 

In the paper “Fabricating Articulated Characters from Skinned Meshes” [36] 

Bacher et al. proposed a method which takes a skinned mesh as input, then evaluates  the 

fabrication of a single material model which approximates the three-dimensional 

kinematics of the corresponding virtual articulated character in a piecewise linear manner. 

They first extracted a set of potential joint locations then estimated mechanical friction 

joints that satisfy inter-joint non-penetration and other fabrication constraints. 

In the paper “Physical Face Cloning” [37] Bickel et al. described a process for 

computationally guiding the design of an animatronic character composed of a soft-tissue 

material and an electromechanical base. The experimental validation showed that the 

process provided a principled way to design soft-tissue animatronic characters. 

In the paper “Computational Design of Mechanical Characters” [38] Coros et al. 

presented an interactive design system which allows non-expert users to create animated 

mechanical characters. Coros created a system that automates tedious and challenging steps 

in the design process. The resulting mechanical characters can be made using rapid 

manufacturing technology such as 3D printing. The core design principle is interactivity, 

which allows users to quickly explore many different mechanical design options.  

In the paper “Spec2Fab: A Reducer-Tuner Model for Translating Specifications to 

3D Prints” [39], Chen et al. took the first step towards solving an open problem in 
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computational fabrication creating a general translation process that transforms user-

defined model specifications into the printer and material-specific representations. 

Skouras et al. recently investigated the design of inflatable balloons. [40]. However, 

they focused on rubber balloons which (a) stretch significantly during inflation, (b) have 

3D rest shapes fabricated by dipping a mold into liquid rubber, and (c) are typically pliant 

even when maximally inflated.  

Baginski et al. studied the wrinkling behavior of inflated membranes [20]. They 

used simulations on simple patterns to determine the shape of high altitude scientific 

balloons. Inspired by their work, we also employ tension field theory.  

Tools to computationally design objects made of flat patterns have been proposed 

in the past. Mori and Igarshi proposed Plushie to create custom plush toys [41], which was 

extended to non-stretchy materials by Futura et al. [42]. Pillow employs flattening that does 

not include an inflation-based metric, nor warrants satisfaction of fabrication constraints. 

This target-driven approach also shares some similarities with the one employed by Wang 

and Tang [43] in the context of compression garment design.  

Inflatable structures, which are made without rigid members, usually use inflatable 

tubes or air beams to maintain their shape. The study of inflatable tubular structures is 

exhaustive and involves static and dynamic analysis of inflatable tubes, precision surface 

analysis, inflation procedure analysis, and membrane wrinkling analysis. 

In the technical note “Deflections of an Inflated Circular-Cylindrical Cantilever 

Beam” [44], Comer and Levy calculated the deflections and stress of a beam with a tip load 

and uniform load. The collapse load can also be obtained from the analysis. In the NASA 

technical note “A Theory for Inflated Thin-wall Cylindrical Beams” [45], Fichter derived 
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a set of nonlinear equilibrium equations for pressurized thin-wall cylindrical beams under 

bending and twisting. In the paper “Bending Stiffness of an Inflatable Cylindrical 

Cantilever Beam” [46], William investigated the structural stiffness of an inflated 

cylindrical cantilever beam, which is influenced by large deformations. The finite theory 

of elasticity and the theory of small deformations superimposed on large ones are employed 

to obtain explicit analytical results. The analysis accounts for variations in geometry and 

material properties which occur during the inflation process. In the report “A Linear 

Analysis of the Deformation of Pressure Stabilized Beams” [47], Steeves derived a set of 

differential equations for lateral deformation using the principle of minimum potential 

energy. Under the assumption that the cross section remains undeformed, a simplified 

displacement approximation was used to reduce the application from two dimensions to 

one dimension. In the paper “Deflections of Inflated Cylindrical Cantilever Beam 

Subjected to Bending and Torsion” [48], Webber derived a mathematical method to 

calculate the beam deflections, wrinkling, and collapse loads. As the inflatable beam is 

truly a two-dimensional problem, Main [49] et al. derived a model for the inflated 

cylindrical beam bending behavior using a two-dimensional Hook’s Law to model the 

stress-strain behavior of the fabric. 

As inflation ensues, the internal flow of pressurized gas and the external forces of 

surface contact will interact in a nonlinear manner with the inflatable membrane enclosure, 

causing various segments to undergo large, complex, nonlinear displacements and large 

angles. Several simplified engineering models have been introduced to emulate the 

inflation mechanisms, motivated by the need to understand the basic mechanisms of how 

membranes inflate and deploy. 
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In the paper “Dynamic Analysis of Space-based Inflatable Beam Structures” [50] 

Main et al. tried to use the Euler-Bernoulli beam theory to analyze the dynamic properties 

of inflatable beams. Two damping mechanisms, a purely viscous damping term and a 

longitudinal strain damping term, were added to the Euler-Bernoulli beam equation. 

Several experiments were conducted to obtain the material properties and to correlate the 

test results with the analysis results. They also investigated the effect of gravity on the 

inflatable structures. 

In their paper “Robotic Manipulators Based on Inflatable Structures” [51] Rybski 

et al. calculated natural frequencies of a cantilevered inflatable beam using the Timoshenko 

beam theory [114] and compared this with experimental results. 

Wang and Nefske [52] initially created inflation models which attempt to capture 

the effect of the inflating gas as it flows into the chamber. The airbag inflation is modeled 

as a single chamber connected to an inflator through an orifice. When the gas flows through 

the orifice, the volume changes and the pressure in the chamber also changes with time. 

The rate of flow of mass of gas dmmn across the orifice can be represented by one-

dimensional quasi-steady flow [53], expressed by 
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         (1.1) 

where: P0, Pu, Pd are respectively the initial pressure, upstream pressure, and 

downstream pressure, γ is the specific heat ratio, G is the gas constant, T is the gas 

temperature, and k is the orifice coefficient. 

Analytical simulation of the inflation of morphed structures consisting of a thin 

membrane or shell type can usually be performed in an efficient way by assuming an 
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internal pressure in the structure which acts normal to the inner surface [54]. The restriction 

for this model is that it does not account for the internal volume change in the structure due 

to the deformation of the structure even if there is no further inflation. Also, the pressure 

may vary due to temperature modifications.  

In both cases, the volume of the gas has to be considered in the model [55,56]; the 

latter is also necessary for external loading and associated stability considerations of the 

gas filled structure. In this case, gas filling the internal bladder and gas pressure provides 

an update of the FE stiffness matrix that stabilizes from an engineering point of view an 

almost entirely flexible structure. In the case of fluid filling [57] or a mixture of gas and 

fluid, the filling of flexible bladder structures can be performed without a separate 

discretization of the fluid with Finite Elements or Finite Volumes. Fully, a numerical model 

of fluid filled structures can be analyzed without separate discretization of the fluid. Several 

cases have to be distinguished; fluid with an open surface, the structure under an 

overpressure of fluid, and fluid with a free surface but gas overpressure. The contribution 

shows the derivation of the various formulations and the corresponding Finite Element 

discretization for compressible fluids under gravity loading conditions. A particular focus 

is placed on the linearization of the nonlinear equations and the corresponding constraint 

equations. We also present the specific solution of the linearized equation system based on 

a subsequent application of the Sherman-Morrison formula [115]. 

Based on the review and preliminary study, inflatable tubular structures can be 

employed to build inflatable structure underwater. The inflatable tubes and the structure 

fabrics can be towed into a regular size underwater payload container, which can be loaded 

on the current underwater research platforms. The mechanics of inflated tube and 
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deformation process of the inflatable tube become the prime research topics. The research 

and studies of inflatable tubes in this dissertation are mainly about underwater tubular 

structure design and manufacture and the corresponding material and seam strength effects. 

Tubular structure inflation experiments will be conducted in the air and underwater for 

comparison purposes. Bending experiments will be employed to check the mechanics of 

the pressurized beam. The analysis model for the morphing process will be developed and 

used to predict the morphing process under different conditions.  

Chapter 2 presents the deployment process study based on finite element modeling 

with consideration of different underwater environmental conditions. The manufacturing 

process of inflatable tubes is introduced. The experimental and numerical data are 

compared to verify the accuracy of the new method. In Chapter 3, the finite element (FE) 

model of inflated beam under concerted load is developed. For the FE model, the internal 

pressure is provided by infilling fluid through fluid structure interaction definition. The 

experimental setup and procedure are illustrated. Results obtained from the simulations are 

demonstrated and compared with experimental results. Potential applications for ocean 

morphing structures which utilize their advantages of being low cost, highly compressible 

and adaptable for deep water are proposed and discussed in Chapter 4. Finally, Chapter 5 

summarizes the results and conclusions of this research, and outlines future research 

prospects.  
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CHAPTER 2 – DEPLOYMENT RESEARCH OF INFLATABLE TUBES

Our deployment study of inflatable structure focuses on the tube morphing shape 

prediction. The inflatable structure’s configurations are calculated by numerical models in 

this chapter. The numerical models are generated on the LS-DYNA platform. LS-DYNA 

specializes in deployment of inflatables and it provides an efficient tool for mesh fold 

operations to generate the packed pattern of inflatable tubes. This chapter also includes 

experiments for inflatable tube deployment. The numerical and experimental results are 

compared to verify the accuracy of the numerical model.  

2.1 Inflation prediction theory development  

The control volume (CV) method in LS-DYNA [58] has been widely adopted as 

the preferred method of airbag deployment simulation. A direct approach for modeling the 

contents of the inflatable bladder would be to discretize the interior of the bladder using 

solid elements. The total volume and pressure-volume relationship of the inflatable bladder 

would then be the sum of all the elemental contributions. The approach for calculating the 

bladder volume that is both applicable during the inflation phase and less computationally 

demanding treats the bladder as a control volume. The control volume is defined as the 

volume enclosed by a surface. In the present case, the ‘control surface’ that defines the 

control volume is the surface modeled by shell or membrane elements comprising the 

bladder fabric material. 
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The area of the control surface can be related to the control volume through Green’s 

Theorem: 

dΓndxdydz
x

dxdydz
x

x





  








                            (2.1) 

where the first two integrals are integrals over a closed volume, i.e., dv=dxdydz. 

The last integral is an integral over the surface enclosing the volume, and nx is the direction 

cosine between the surface normal and the x direction (corresponding to the x-partial 

derivative); similar forms can be written in the other two directions. The two arbitrary 

functions   and  need only be integrated over the volume and surface. 

The integral from the volume can be written as:  

 dxdydzV                                                   (2.2) 

Comparing the first of the volume integrals in Equation (2.1) to Equation (2.2), we 

can easily obtain the volume integral from Equation (2.1) by setting values for the two 

arbitrary functions: 

1                                                            (2.3) 

xx                                                          (2.4) 

Leading to:  

  dΓxndxdydzV x                                           (2.5) 

The surface integral in Equation (2.5) can be approximated by a summation over 

all the elements comprising the airbag: 
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where for each element i: 
ix  is the average x coordinate, 

ixn  is the direction cosine 

between the element’s normal and the x direction, and 
iA  is the surface area of the element.  

Equation (2.5) will provide the exact analytical volume for an arbitrary direction.  

The approximation Equation (2.6), has been found to produce volumes that differ by a few 

percent depending on the choice of directions. If the integration direction is nearly parallel 

to a surface element, i.e., the direction cosine is nearly zero, numerical precision errors 

affect the volume calculation. The implementation uses as an integration direction that is 

parallel to the maximum principle moment of the inertia of the surface.  

As explained above, at each time step in the calculation the current volume of the 

airbag is determined from the control volume calculation. The pressure in the airbag 

corresponding to the control volume is determined from an equation of state that relates 

the pressure to the current fluid density and the specific internal energy of the fluid. 

LS-DYNA defines the character of membranes by Tension Field Theory [59] . The 

tension field theory offers a solution to this problem by postulating a relaxed energy density 

that reflects the average energy value in wrinkled regions and fades to zero before 

compressive stresses can occur. The underlying reasoning is that while wrinkled regions 

can carry longitudinal loads, they do not exhibit resistance to transversal deformations. 

This formulation enables a macroscopic treatment of wrinkling that accurately captures the 

deformation behavior on a coarse level but abstracts away geometric detail. This approach 

has two significant advantages, both of which translate directly into computational 

efficiency: first, it requires fewer elements, and it removes problems due to indefiniteness; 

second, although the tension field approach does not directly provide geometric 
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information on the wrinkles, the compression field does give strong indications of the 

locations and the directions of the expected wrinkles.  

The deformation around a given point on the surface is described by the 

deformation gradient F to the relaxed strain energy density; we introduce the 2×2 right 

Cauchy Green tensor: 

  1 1 1 2 2 2

T t t   C F F N N N N
                                        (2.7) 

regarding its principal stretches λ1, λ2 and corresponding eigenvectors N1, N2. 

Without loss of generality, we assume that λ1≥λ2. Assuming that the material is 

incompressible and does not exhibit transverse shearing, we can expand C to the 3×3 tensor: 

1
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,                                                   (2.8) 

where J= λ1λ2 is the determinant of C. This deformation measure is amenable to 

standard models and we opt for a neo-Hookean material, whose strain energy density is 

defined as: 
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where κ is the stiffness coefficient. As described above, the essence of tension field 

theory can be condensed into a relaxed strain energy density: 
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where 2  is the energetic minimum of λ2: 
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The three cases listed in (5) are know as: slack, wrinkling and taut. For the first 

case, the surface is assumed to be slack, i.e., both stretches are negative, and the energy is 

set to zero. The second case corresponds to wrinkling, and the original model is applied 

with the compressive stretch replaced by its energetically optimal value. The third case 

corresponds to a taut surface with both stretches positive for which the original model can 

be applied without modifications. Since the first and second cases are energetically optimal 

on compressive stretch, the material model will never give rise to compressive stresses. 

It is worth noting that the modified energy density   is convex but only C1 is 

continuous. 

Although we did not notice any adverse effects when solving for equilibrium states, 

the discontinuous force derivatives pose a significant problem for optimization. We 

therefore smooth the transitions between the different regimes using quadratic interpolation 

as described in the supplemental material. 

Let m denote the number of external and internal panels of the inflatable structure. 

A mesh Ρi describes the geometry of each panel in its undeformed state. The deformed 

mesh, comprising all panels, is denoted by Μ. Furthermore, we let 
3nx R  denote the 

vector of deformed positions for the n nodes of the surface. Likewise, 
2NX R holds the 

positions of the N undeformed panel vertices in their two-dimensional domain. Note that 

N > n since, for each deformed vertex on a panel boundary in M, there are at least two 

corresponding undeformed vertices from boundaries of different panels. 
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We use a standard finite element approach for discretizing equation (2.11) and its 

derivatives. The internal forces 
int

if
 at each node are obtained as: 

int 1 2

1 2i i
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where Fi denotes the set of elements incident to the vertex I, Ae is the initial area of 

element e; h is the thickness of the panels and Ve=hAe in the volume of e.  

The pressure forces are defined directly in the discrete setting as: 
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Where p is the pressure value and ne and Ae are, respectively, the outward normal 

and the area of element e. The shape of the inflated structure can then be computed by 

solving the static equilibrium problem: 

   int x,X x 0P

i i f f
,1 i n                                  (2.14) 

2.2  Inflation process numerical model development  

The study of the inflation deployment of the prototype tube from the packed 

configuration to the inflated shape is developed [100].  In this numerical model, we use a 

linear fluid approach for inflation known as the CV method [58]. The inflation concept is 

shown in Figure 2.1. The coordinate system takes the tube segment longitudinal direction 

for the y axis and takes the folded side direction for the x axis.  We use a Z-folded pattern 

to explain the inflation process and use Belyschko-Tsay membrane [59] to define the tube 

structure. The membrane only carries membrane force but does not have any bending or 

transverse shear stiffness. The tube shape will change with the inflation mass flow. The 
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mass flow, F(t),  can create an inner pressure on the tube segment, the pressure is defined 

by Equation 2.15. Eventually tube segments 1 to 3 will be inflated in order. 

)
)(

)('
ln()(

tV

tV
KtP 

                                                   (2.15) 

where K is bulk modulus, V(t) is the bag volume at time t and V’(t) is the fluid volume 

when not being compressed. 

 

Figure 2.1 Numerical Model Inflation Concept 

We take a Z-folded tube for simulation and the simple Z-folded packed 

configuration is modeled, shown in Figure 2.2. Figure 2.1 shows that the coordinate system 

complies to Figure 2.1 by setting the original point at the lowest part of the inflation end 

and defines the Z axis direction by the right hand rule. The inflation end is fixed and the 

other end is free. 
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Figure 2.2 Finite element model of a Z-folded tube 

2.2.1 Applied Loading Conditions 

With the mass flow filling up the first tube segment, the inflated surface of tube 

segment 1 will contact the segment 2 surface. There is the need to define a contact force 

during the inflation process. The contact force in the numerical model is shown in Figure 

2.3. 

 

Figure 2.3 Tube contact force definition 
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We take tube segments 1 and 2 as examples to show the contact force definition. 

The contact force between these two surfaces is the resultant force of contact force at each 

point, defined in Equation 2.16: 





n

i

ic LkF
1                                                     (2.16) 

where k is the contact stiffness and ΔLi is the penetration at each point. In LS-DYNA the 

contact stiffness is defined by the following equation: 

)max( diagonalshell

AKf
k iisi                                               (2.17) 

where fsi is a scale factor for the interface stiffness and normally defaulted to 0.1. Ki is the 

bulk modulus (≈ elastic modulus) and Ai is the face area. 

When the tube moves underwater, there is a hydrodynamic drag force acting on the 

moving surface, along with other external forces including gravity and friction. Figure 2.4 

shows the external forces acting on the tube during the inflation process. 

 

Figure 2.4 External forces during the inflation process 
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We take tube segment 2 movement to introduce the hydrodynamic drag force. 

The drag force is defined by Equation 2.18: 

2)5.0(
2

1
ssdh LACF 

                                             (2.18) 

where Cd is the drag coefficient, A is the reference area, ωs is the rotational speed 

and Ls is the segment length. The subscript s is used to distinguish different segments. 

2.2.2 Element Selection and Properties 

The finite element model of the tube is created in LS-Prepost by seaming two 

membranes together to form one bladder. The PET tubes with a diameter of 9.14mm and a 

length of 200mm convert to flat status of 28.7mm width and 200mm length flat bladders. 

The values of the material properties are obtained from the tensile test in Section 2.3.3. 

Since the fabric only has tensile stiffness, the numerical model employs a fully integrated 

Belytschko-Tsay 4-node membrane element. The material properties of different PET 

fabrics are shown in Table 2.1. Based on the experiment, the flow rate of inflation is 3 ml/s.  

Table 2.1: Tube material properties 

 Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 

Width (mm) 28.7 28.7 28.7 28.7 28.7 

Length (mm) 190 190 190 290 410 

Thickness (mm) 0.01 0.04 0.06 0.06 0.06 

Density (g/cm3) 1.13 1.13 1.13 1.13 1.13 
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Young’s Modulus (Pa) 2e9 2e9 2e9 2e9 2e9 

Poisson’s ration 0.37 0.37 0.37 0.37 0.37 

 

2.2.3 Numerical calculation for inflatables deployment 

After we define all of the parameters for the numerical model, we submit the model 

to LS-DYNA software for calculation. In this case, we use an explicit method to compute 

the inflatable’s deployment. The calculation process is shown in Figure 2.5. 

 

Figure 2.5 Numerical calculation for inflatable tube deployment 
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2.2.4 Numerical inflation process results 

The Z-folded pattern tube’s inflation process is presented in this section. The tube 

configurations at different critical times are shown in Figure 2.6. The complete deployment 

configurations are shown in Appendix B. We can take these configurations at critical times 

for simple verification of the model accuracy. The tube diameter is 1.828cm and the cross 

sectional area is 2.62 cm2. The first segment length is 5 cm and the volume should be 15.7 

cm3. Since the inlet flow is 3 ml/s, it takes around 5 s to fill up the first segment. For t=5 s, 

we can see the first segment is already filled up and the second tube segment is opening. 

Considering the total tube volume, it takes around 16 s to fill up all the three tube segments. 

From Figure 2.6 (e), the tube is fully deployed at 15 s. This complies with the simple 

calculation. Also during the deployment process, the deflated membranes are driven by the 

contact force, shown very clearly in (b) and (c).  

 

(a) t=0s 

 

(b) t=5s 
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(c) t=9s 

 

(d) t=12s 

 

(e) t=15s 

Figure 2.6 Numerical results for the inflation process 

2.3 Deployment experiment of inflatable structure 

To verify numerical model accuracy, we conduct the inflation experiment. In this 

section, we introduce the material selection, the material properties acquisition and 

experimental design Experimental results are then discussed. 

2.3.1 Fabric Sample Selection 

The constraints for the fabric are that it must be waterproof, thin-film, cost effective, 

and have negative buoyancy. We choose Polyethylene Terephthalate (PET) film as the 

material for the inflatable tube.  

PET is the most common resin because it can be used over a wide temperature range 

and has excellent mechanical properties. PET is a vigorous and impact-resistant fabric and 

can be used from semi-rigid to rigid states. PET can stay under water as it features a density 
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of 1.38x103 kg/m3 and is resistant to low temperatures (-70 degrees Celsius). PET is also 

resistant to water, oil, acid, diluted alkalis, and most solvents. It can therefore be used as 

water and oil barrier material. With these excellent physical and chemical properties, PET 

membrane is well-suited for underwater applications. 

2.3.2 Fabric Material Tensile Test 

In order to obtain the elastic modulus for our numerical model, tensile tests are 

needed. The samples are prepared under the requirements of ASTM standards D5035-06 

and D5822-02 [61, 62]. ASTM D5035, also known as the strip method, is the standard test 

method for breaking force and elongation of textile fabrics. ASTM D5034 is standard test 

method used to determine seam strength in inflatable restraint cushions. Considering the 

underwater conditions in our study, the samples are also prepared for wet testing.  

The fabric tensile test needs to consider two directional (wrap and longitudinal) 

properties due to the fabric’s orthotropic orientation. To obtain the value for the elastic 

modulus in the two directions, the samples are cut from the fabric parallel to the warp 

direction and the filling direction, as shown in Figure 2.7. The fabric tensile test specimen 

dimension is guided by D5035 and the seam strength test specimen dimension is guided 

by D5822. The fabric and seam test sample information are shown in Table 2.2 and Table 

2.3, respectively. 
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Figure 2.7 Test samples in two directions from fabric roll 

Table 2.2 Fabric tensile test samples dimension and quantity 

Specimen 

Name 

Direction 

Width 

(mm) 

Length 

(mm) 

Thickness 

(mm) 

Condition Quantity 

DLF-A Longitudinal 25 150 0.01 Dry 10 

DLF-B Longitudinal 25 150 0.04 Dry 10 

DLF-C Longitudinal 25 150 0.06 Dry 10 

WLF-A Longitudinal 25 150 0.01 Wet 10 

WLF-B Longitudinal 25 150 0.04 Wet 10 

WLF-C Longitudinal 25 150 0.06 Wet 10 

DWF-A Wrap 25 150 0.01 Dry 10 

DWF-B Wrap 25 150 0.04 Dry 10 

DWF-C Wrap 25 150 0.06 Dry 10 

WWF-A Wrap 25 150 0.01 Wet 10 

WWF-B Wrap 25 150 0.04 Wet 10 

WWF-C Wrap 25 150 0.06 Wet 10 

 

Longitudinal 

 

Wrap 
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It is worth mentioning that the PET membrane used in this experiment is a window 

film which contains two layers; one layer is the release liner and the other is sticky window 

film. From the thickness, it is obvious that the window film has a 0.01mm thick glue layer 

between the release liner and window film. The specimens are named following this 

convention: the first letter is the specimen’s condition (D: dry, W: wet); the second letter 

is the specimen’s orientation (L: longitudinal; W: wrap); the third letter indicates the testing 

purpose (F: fabric test; S: Seam strength test); the last one is for the film layers (A: release 

liner, B: window film, C: original window film with release liner).  

Table 2.3: Seam strength tensile test samples (dimension and quantity) 

Specimen 

Name 

Direction 

Width 

(mm) 

Length 

(mm) 

Thickness 

(mm) 

Condition Quantity 

DLS-A Longitudinal 101 150 0.01 Dry 10 

DLS-B Longitudinal 101 150 0.04 Dry 10 

DLS-C Longitudinal 101 150 0.06 Dry 10 

WLS-A Longitudinal 101 150 0.01 Wet 10 

WLS-B Longitudinal 101 150 0.04 Wet 10 

WLS-C Longitudinal 101 150 0.06 Wet 10 

 

It is worth mentioning that based on the fabric tensile test results, the material 

properties in two directions are almost the same. In this case, the samples for seam strength 

are only prepared for the longitudinal direction. Waterproof duct tape provides a sealing 

solution for the inflatable tubes; the curing time for the seams is around 4 hours. We define 

the wet condition to involve the specimens being immersed in water for at least 2 hours, 
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and we finish the tensile test 2 minutes after being taken out of the water. The samples for 

the tensile test are shown in Figure 2.8.  

 

Figure 2.8 Tensile test samples 

A Testrescourses [63] 800LE series test system is used with GD751-240k grips to 

perform tensile tests for fabric and seam strength. An F500-B load cell is connected to 

actuators to measure the force. According to ASTM D5035 and D5822 instructions, we set 

the distance between the clamps to 75 mm and the loading rate is 300 mm/min. Figures 2.9 

through 2.11 show the test equipment for both fabric and seam strength test. Figure 2.12 

presents an example of a specimen during the tensile test. 

The samples are mounted in the grips of the test machine and pulled with a constant 

velocity to fatigue. Two marks are made on each specimen with 75mm distance to indicate 

the initial length and easy mounting between grips. The length between two grips and the 

pull force is recorded instantaneously by LVDT and load cell respectively during the 

experiment. The stress is calculated as the result of pull force divided by specimen cross 

sectional area. The specimen’s cross sectional area is the product of the width and the 
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thickness, both of which are assumed to be constant during the test. The assumption is 

made because the tube is not under a high load condition. The strain is calculated as 

Equation 2.10: 

                 
0

0-

L

LL
                                                              (2.10) 

where the L is the upper grip displacement, and L0 is the initial displacement between two 

grips. 

 

Figure 2.9 Testrescourses 800LE series test system 
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Figure 2.10 F500-B load cell 

 

Figure2.11 GD751-240k grip 
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Figure 2.12 Example of a specimen during the tensile test 

2.3.3 Fabric Tensile Test Results 

Tensile test results contain the stress strain relationship for three different fabrics 

in two directions. Figures 2.13 and 2.14 show plots of the stress and strain relationship for 

materials DLF-A and DWF-A, respectively. Three samples for each material are tested and 

plotted. In order to reduce experimental error, all test data is grouped together to get the 

average material modulus from the trend line shown in Figures 2.15 and 2.16.  
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Figure 2.13 Material DLF-A (0.01mm longitudinal PET fabric in dry condition) tensile 

test data 

 

Figure 2.14 Material DWF-A (0.01mm warp direction PET fabric in dry condition) 

tensile test data 
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Figure 2.15 Material DLF-A (0.01mm longitudinal PET fabric in dry condition) tensile 

test grouped data 

 

Figure 2.16 Material DWF-A (0.01mm wrap PET fabric in dry condition) tensile test 

grouped data 

From the tensile test experiment data, the fabric elastic modulus values are defined 

by the grouped data. 0.01mm PET membrane (release liner) elastic modulus with differing 

longitudinal and wrap directions are 2.4798GPa and 6.9882GPa, respectively. This data 
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can be used as reference data for anisotropic fabrics. The test results in wet conditions are 

also presented for verification of the material’s water resistance, shown in Figures 2.17 to 

2.36. 

 

Figure 2.17 Material WLF-A (0.01mm longitudinal PET fabric in wet condition) tensile 

test data 

 

Figure 2.18 Material WWF-A (0.01mm longitudinal PET fabric in wet condition) tensile 

test data 
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Figure 2.19 Material WLF-A (0.01mm longitudinal PET fabric in wet condition) tensile 

test grouped data 

 

Figure 2.20 Material WWF-A (0.01mm wrap PET fabric in wet condition) tensile test 

grouped data 

From the wet condition data, the 0.01mm PET membrane (release liner) tensile test 

data (stress versus strain curve) shows the same properties as the wet condition, which 

confirms the material’s water resistance. The 0.04mm PET membrane and 0.06mm 
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composite PET membrane tensile test data is presented in Figures 2.21 to 2.28, including 

the longitudinal and wrap orientation and different working conditions (dry and wet). 

 

Figure 2.21 Material DLF-B (0.04mm longitudinal PET fabric in dry condition) tensile 

test data 

 

Figure 2.22 Material DWF-B (0.04mm wrap PET fabric in dry condition) tensile test data 
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Figure 2.23 Material DLF-B (0.04mm longitudinal PET fabric in dry condition) tensile 

test grouped data 

 

Figure 2.24 Material DWF-B (0.04mm wrap PET fabric in dry condition) tensile test 

grouped data 
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Figure 2.25 Material WLF-B (0.04mm longitudinal PET fabric in dry condition) tensile 

test data 

 

Figure 2.26 Material WWF-B (0.04mm wrap PET fabric in dry condition) tensile test 

data 
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Figure 2.27 Material WLF-B (0.04mm longitudinal PET fabric in dry condition) tensile 

test grouped data 

 

Figure 2.28 Material WWF-B (0.04mm wrap PET fabric in dry condition) tensile test 

grouped data 
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Figure 2.29 Material DLF-C (0.06mm longitudinal PET fabric in dry condition) tensile 

test data 

 

Figure 2.30 Material DWF-C (0.06mm wrap PET fabric in dry condition) tensile test data 
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Figure 2.31 Material DLF-C (0.06mm longitudinal PET fabric in dry condition) tensile 

test grouped data 

 

Figure 2.32 Material DWF-C (0.06mm wrap PET fabric in dry condition) tensile test 

grouped data 
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Figure 2.33 Material WLF-C (0.06mm longitudinal PET fabric in dry condition) tensile 

test data 

 

Figure 2.34 Material WWF-C (0.06mm wrap PET fabric in dry condition) tensile test 

data 
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Figure 2.35 Material WLF-C (0.06mm longitudinal PET fabric in dry condition) tensile 

test grouped data 

 

Figure 2.36 Material WWF-C (0.06mm wrap PET fabric in dry condition) tensile test 

grouped data 

The material modulus is determined by tensile test, shown in Table 3.4 (fabric 

properties summary). During the test, the 0.04mm and 0.06mm PET membranes show 

isotropy, while the 0.01mm PET membrane shows anisotropy. From wet condition results, 
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the fabric properties show a little less than in the dry conditions. We will use wet condition 

elastic modulus for numerical calculation as our application is underwater. The best 

material option for the tube is the 0.06mm PET membrane based on its isotropy and high 

strength. However, the modulus values for numerical simulations still need to be 

determined by the seam strength test as well as additional seam test in wet conditions to 

obtain the adjusted fabric modulus value. 

Table 2.4 Fabric elastic modulus summary 

Material Direction Condition Elastic Modulus (GPa) 

0.01mm PET Longitudinal Dry/Wet 2.4798 1.8835 

0.01mm PET Wrap Dry/Wet 6.9882 6.7353 

0.04mm PET Longitudinal Dry/Wet 2.4318 1.8151 

0.04mm PET Wrap Dry/Wet 1.9933 1.9230 

0.06mm PET Longitudinal Dry/Wet 3.2534 2.6308 

0.06mm PET Wrap Dry/Wet 2.5609 2.5433 

2.3.4 Seam Strength Results 

The objective for this experiment is to determine water resistance and the strength 

of the duct tape sealed seam. Based on the fabric tensile test data, the 0.06mm PET 

composite fabric is chosen as the primary material for the tube. The 0.06mm PET fabric 

seam strength results in dry and wet conditions are shown in Figures 2.27 to 3.42. 
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Figure 2.37 Material DLS-C (0.06mm PET fabric seam in dry condition) tensile 

test data 

 

Figure 2.38 Material WLS-C (0.06mm PET fabric seam in wet condition) tensile 

test data 
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Figure 2.39 Material DLS-C (0.06mm PET fabric seam in dry condition) tensile 

grouped test data 

 

Figure 2.40 Material DLS-C (0.06mm PET fabric seam in wet condition) tensile 

grouped test data 

The seam strengths converted to elastic modulus are about 7.6111GPa and 

6.9915GPa in dry and wet condition respectively, which are lower than the material’s initial 
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the seam strength. The wet condition result is close to that of the dry condition, which 

proves certain water resistance from the duct tape sealed seam. 

2.3.5 Inflatable tube manufacture procedure 

The inflatable tube is made of PET membrane and is sealed using waterproof duct 

tape and sealing ends which are tap sealed joints built by a 3D printer. Considering the 

limitations of lab equipment, the tubes are designed for three different dimensions in length. 

The flattened fabric information is shown in Table 2.5 and Figure 2.41. The sealing ends 

are designed using model design software, shown in Figure 2.42. The sealing end has a 

cavity in the cube and is connected by tap tube, which seals the connection using a nut. It 

also has a small block with a through hole, which fits the pump pipe size. The 3D models 

are converted to Stereo Lithography (STL) files, which are compatible with the 3D printer. 

The printing setting is configured by Simplify3D software with 100% structure infill. 

Figures 2.43 to 2.44 show the sealing end 3D model, 3D printing process, and sealing end 

parts, respectively. As the printed parts are porous, epoxy resin is applied for the parts 

surface to provide extra strength and waterproofing. 

Table 2.5 Flatten fabric dimension 

Fabric Number Length (mm) Width (mm) Thickness (mm) 

1 228 85 0.01 

2 228 85 0.04 

3 228 85 0.06 

4 305 85 0.06 

5 452 85 0.06 
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Figure 2.41 Flattened fabric for inflatable tubes 

 

 

Figure 2.42 Inflatable sealing end design 

 

Figure 2.43 3D printer in process 
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Figure 2.44 Sealing end parts 

The PET membrane fabrics are sealed by waterproof duct tape to fit the tap tube 

size. Thread sealing tape is employed on the tap tube, as shown in Figure 2.45. The nuts 

are set on the tube and screwed on the tap tube for sealing.  

 

Figure 2.45 Inflatable tube parts before assembly 

2.3.6 Tube inflation test procedure 

The inflation test includes two sets of experiments, one in the air and one in water. 

For the water condition, three different water depths are tested to verify the influence of 

water depth. 

A metering pump is employed for the inflation process and a camera is placed on 

the top of the tank to record the inflation process during experiments. The experiment 

setting is shown in Figure 2.46. For the test procedure, the tube is first filled with water 
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vertically using a pump to exhaust air, then a reverse pump roller is used to pump out the 

water and create an initial status for the tubes, followed by folding the deflated tube and 

fastening the clip as a release tie, then turning on the camera and starting the inflation 

process. The second and third steps are repeated to complete ten trials for each specimen. 

  

Figure 2.46 Tube inflation test setting 

2.3.7 Inflatable tube deployment process results 

The inflatable tubes are taken as the basic elements to form a large structure. Five 

different basic tubes are made for basic element deployment analysis under the procedure 

outlined in Section 2.3.5. The initial tube is folded in a Z-fold pattern and fixed by the clip. 

The inflation process is recorded by camera at 24 frames per second. Inflatable tube 

deployment experiments are conducted with ten trials for each basic tube to reduce 

experimental error. Tube deployment experiments are conducted under four conditions; air 

environment, 100mm water depth, 150mm water depth, and 200mm water depth. Figures 

2.47 to 2.50 show the first tube deployment under different conditions. The tube features a 
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Z-fold pattern and can be considered as a tube with three chambers. We start the pump at 

t=0 s, and the first chamber at the fixed end gets inflated. After the first chamber gets 

enough water, it will cause clip failure and trigger the release process at t=4 s. Since the 

pump is operated at the same speed, the clip failure happens at the same time based on the 

volume of the first chamber for both the air and underwater conditions. After the clip fails, 

the second chamber gets inflated. Due to the varying environmental effects at this stage, 

the third chamber also inflates in the air condition, but not in the underwater condition. The 

flexibility of the third chamber causes significant deflection for the tube in the Y axis. The 

last chamber moves under the friction force and contact force with second chamber erection. 

For the tube tested in air condition, the second and third chambers become inflated at 

approximately the same time, so the tube becomes semi-rigid during the inflation process. 

Since the tube capacity and pump discharge are both constant, the inflation process 

duration is same at about 15 seconds. It is worth mentioning that the movements of the free 

tube ends are very similar at different water depths due to the small scale of the model. 

More appropriate water depth effects will be studied in the simulation model.  

  Tube 2 and tube 3 deployment processes are shown in Appendix A. Compared 

with tube 1 results, tubes 2 and 3’s free ends show less movement in the Y direction. The 

tube made from stronger fabric resists more complex conditions during the inflation 

process.  
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Figure 2.47 Tube 1 deployment in the air 
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 t=14s 

Figure 2.48 Tube 1 deployment under 100mm depth water 
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    t=14s 

   t=15s 
Figure 2.49 Tube 1 deployment under 150mm depth water 
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  t=10s  

   t=11s 

    t=12s  

   t=13s 

    t=14s 

    t=15s 
Figure 2.50 Tube 1 deployment under 200mm depth water 

2.4 Inflation Process Numerical and Experimental Result Comparison 

The control volume (CV) approach with linear fluid definition was employed to 

simulate the tube inflation process. By comparing the simulation results with experimental 

results, numerical models are able to predict the tube deflection. The CV approach uses 

simple fluid mass change to compute the pressure change in each CV, and then uses the 

pressure acting on the membrane to start the finite element analysis of the morphing 

structure. Figure 2.51 shows the schematic diagram for the study points on the tube and 

Figure 2.52 shows the comparison of numerical and experimental results. 
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Figure 2.51 Point location schematic diagram 
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(d) 

Figure 2.52 Study points numerical and experimental displacement 

(a) Maker Point Second Tube Segment X displacement  

(b) Maker Point Second Tube Segment Y displacement 

(c) Free end X displacement (d) Free end Y displacement 

From the comparison, the numerical results how the same trend as the experiment. 

This confirms our estimation in Section 2.3 is right. It is worth noting that once the points 

move, the experimental results are larger than the numerical ones. This is due to the 

material elastic effect. The tubes will open a little once the tie releases, but eventually the 

displacements are at the same level.  
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CHAPTER 3 – MECHANICS OF INFLATED STRUCTURE 

CALCULATION AND EXPERIMENTAL SETUP 

In this chapter, the experimental setup, procedure, and results are presented and 

discussed. The material tensile tests including fabric and seam strength tests are conducted 

to obtain the fabric properties for numerical models. The prototype manufacturing 

procedures are presented and discussed for mass production. For the tube inflation process, 

the setup and procedures are introduced and the results are presented and discussed. The 

inflated tube bending tests are employed to obtain the tube’s mechanical properties. The 

equipment used in these tests will be introduced in the corresponding sections.  

3.1 Fluid Structure Interaction in ABAQUS 

3.1.1 Structure definition 

Membrane elements are spatial sheets that can carry membrane force but do not 

have any bending or transverse shear stiffness, so membrane can not carry bending or 

transmit moment [64]. 

ABAQUS software uses a local orthonormal basis system ei, where e1 and e2 are on 

the surface of the membrane and e3 is normal to the membrane. The basis system is defined 

by the standard convention used in ABAQUS for a basis on a surface in space. 

The membrane element internal force virtual work is 

dVW
V

t  :                                                   (3.1) 
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Where σ is the membrane element Cauchy stress, )( Lsym    is the virtual rate 

of element deformation ( xuL  / , where u  is the virtual velocity field), and V is the 

current volume of the membrane. 

The assumption defines that only e membrane stress components in the surface of 

the membrane are nonzero: σ3i =0. Then Equation 3.1 simplifies to  

        dVLdVW
VV

t

 
                                         (3.2) 

where 
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and dV=tdA, where t is the current thickness of the element and A is current area. 

The deformation gradient is XxF  . Since we take e3 normal to the current 

membrane surface and assume no transverse shear of the membrane, 
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By the thickness change assumption, the direct out-of-plane component of the 

deformation gradient is 
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To calculate the deformation gradient at the end of the increment, we need to 

calculate the two tangent vectors at the end of the increment defined by the derivative of 

the position with respect to the reference coordinates: 
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                                                    (3.6) 

Where  1nxF is obtained from the interpolation with the shape function 

derivatives from the nodal coordinates, where the change of coordinate transformation

 X  is based on the reference geometry. The deformation gradient components are 

defined as following: 
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We need to do the followings to choose the element basis directions
1ne . Find any 

pair of in-plane orthonormal vectors 
1ne


.Then we need to find the angle Δψ such that the 

element basis vectors 
1ne , as following: 
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satisfy the symmetry condition: 
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As the definitions of 
1ne in terms of 

1ne


 is given in the above equation, the rotation 

angle Δψ is defined as 
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where 
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3.1.2 Fluid flow definition 

This section presents the basic forms of the partial differential equations of fluid flow 

definition of ABAQUS/CFD solver. 

The conservation of linear momentum [65] is 

iji i
j i

j j

u u
u f

t x x


  

 
  

  
                                          (3.11) 

Where ui is the velocity, σij is the stress tensor, ρ is the mass density, and fi is the body 

force. The body force contribution ρfi typically accounts for buoyancy forces with fi 

representing the acceleration due to gravity. 

The stress may be written in terms of the fluid pressure and the deviatoric stress tensor as 

ij ij ijp    
                                                (3.12) 

Where p is the pressure, δij is the Kronecker delta, and τij is the deviatoric stress tensor. 

A constitutive equation relates the deviatoric stress and the strain rate, 

2ij ije 
                                                  (3.13) 

Where μ is the isotropic viscosity of fluid flow, eij is the strain-rate tensor, which could be 

written in terms of the velocity gradients as 

1

2

ji
ij

j i

uu
e

x x

 
                                                    (3.14) 

The material constitutive equation is  
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2ij ij ijp e    
                                                 (3.15) 

3.1.3 Explicit time integration 

This section presents the spatial discretization and explicit time-integration method for the 

incompressible Navier-Stokes equation. For three dimensional spatial discretization, the 

velocity support is trilinear with piecewise constant support for pressure. The methods for 

obtaining the weak-form of conservation equations are well defined by the research of 

Gresho. et al., Hughes, and Zienkiewicz and Taylor [66-68]. The spatially discrete forms 

of Equation (3.11) and (3.13) are 

  ( )M A K Cp   u u u u F                                       (3.16) 

And 

TC gu                                                 (3.17) 

Where M is the mass matrix, A(u) and K are the advection and the viscous diffusion 

operators respectively, F is the body force, and  g accounts for the presence of prescribed 

velocity boundary conditions.  Where C is the gradient operator, and CT is the divergence 

operator. Here, u and p are understood to be discrete approximations to the continuous 

velocity and pressure fields. Equations (3.16) and (3.17) constitute a differential-algebraic 

system of equations that precludes the direct application of time-marching algorithms due 

to the presence of the discrete incompressibility constraint [69]. 

A consistent, discrete pressure Poisson equation (PPE) is constructed using a row-sum 

lumped mass matrix, ML. [35]  

 
 1 1 ( )T T

L LC M C p C M K A g        F u u u
(3.18) 

Where, g  accounts for time-dependent velocity boundary conditions. 
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The basis is formed by Equation (3.16) and (3.18) for a description of the explicit time 

integration algorithm. The assumption is that the explicit algorithm begins with a given 

divergence-free velocity field, u0, that satisfies the essential velocity boundary 

conditions, and an initial pressure, p0. The explicit algorithm proceeds as follows. 

1. Calculate the partial acceleration, 

1n n

LM a F
                                              (3.19) 

where ( )n n n nK A  F F u u u  

2. Solve the global pressure possion equation for the current pressure field, 

1T n T n

LC M C p C    a
                                     (3.20) 

3. Update the nodal velocities, 

1 1n n n n

Lt M Cp     u u a
                                 (3.22) 

4. Repeat steps 1-3 the desired simulation time is reached. 

3.2 Pressurized cylinder tube bending numerical model development  

The pressurized cylinder tube [70-77] is the fundamental element to form the 

designed structure. The tube is made of membrane and needs the inner pressure to maintain 

its shape and stiffness. It is necessary to consider leakage for most inflatable structures. In 

this situation, the pump needs to keep working to pump water into the tube to maintain the 

stiffness of the tube. The pressurized tubes can work alone as a single beam or connect 

together to form a frame structure. For these inflated structures, the mechanical properties 

need to be evaluated under different conditions. In this section, the beam bending numerical 

model will be introduced to obtain the tube bending properties. To verify the model, 

simulation results are compared to the theoretical solutions in this chapter. 
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Due to the leakage of the inflatable structure, the inflatable tube needs a constant water 

supply to maintain its stiffness during the test. Since the infilling water mass cannot be 

neglected, the fluid-structure interaction method is employed for the numerical simulation. 

Finite element method provides a powerful numerical technique for analyzing complex 

nonlinear models with strong fluid structure interaction.  

The finite element model for the inflated beam under concerted force is shown in 

Figure 3.1. The model includes the infilling water as the fluid domain, a cylindrical tubular 

membrane as the inflatable beam, and ring structure for applying concerted force. Figure 

3.1 shows the finite element model boundary conditions and discretization model. 

 

(a) Model boundary condition                                        (b)Discretization model 

Figure 3.1 Numerical model of inflated beam under concentrated force 

In this research, the numerical model coordinate system is such that the original point 

is set in the center of the inflated end; x, y and z-axes directions are shown in Figure 3.1(a). 

The external force is applied on the structure model. The concentrated force is applied on 

the ring at the middle section of the tubular beam. The fluid-structure interaction is applied 

in fluid and structure model domains, the inner surface of the tube, and the outer surface 

of the fluid. The beam’s internal pressure is provided by the fluid domain, with the 
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definition of the inlet flow velocity and outlet flow pressure. The fluid inlet and outlet are 

fixed on x, y, and z-axes, the tube’s two ends are fixed at the x and z directions to comply 

with the simply supported beam definition. The interaction between the ring and tube is a 

surface to surface contact. The FC3D8, an 8-node linear fluid mesh element, is employed 

for fluid in the cylindrical, 1.5mm longh tube. The tube employs M3D4R, a 4-node 

quadrilateral membrane element with reduced integration, for 1mm long membrane fabric. 

3.2.1 Applied loading conditions 

For the inflated tube’s numerical model, the external force is applied on the 

structure model. The concentrated force is applied on the ring at the middle section of the 

tubular beam. The fluid-structure interaction is applied on both domains; the inner surface 

of the tube and the outer surface of the fluid. The beam’s internal pressure is provided by 

the fluid domain, with the definition of the inlet flow velocity and outlet flow pressure, 

shown in Figure 4.5.  

For the boundary conditions, the fluid inlet and outlet are fixed at the x, y and z 

axis, and the tube’s two ends are fixed on x and z directions to accord with the simply 

supported beam definition. The interaction between the ring and tube is surface to surface 

contact. 

3.2.2 Element Choice and properties 

The fluid domain is a simple cylinder, which makes it easy to apply the hex mesh. 

The FC3D8, an 8-node linear fluid mesh element, is employed for fluid in the cylindrical, 

1.5mm long tube. The tube employs M3D4R, a 4-node quadrilateral membrane element 

with reduced integration, for 1 mm long membrane fabric. We used the analytical rigid part 
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to define the ring, which only considers the shape of the ring. The material properties are 

defined in Table 3.1. 

Table 3.1 Tube bending numerical model material properties 

 Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 Fluid 

Radius (mm) 18.3 18.3 18.3 18.3 18.3 18.3 

Length (mm) 200 200 200 300 450 Fit to tube size 

Thickness (mm) 0.01 0.04 0.06 0.06 0.06 N/A 

Density (g/cm3) 1.13 1.13 1.13 1.13 1.13 1 

Young’s Modulus (Pa) Determined by Tensile test N/A 

Poisson’s ration 0.37 0.37 0.37 0.37 0.37 N/A 

Dynamic Viscosity (Pa) N/A N/A N/A N/A N/A 1e-5 

 

3.2.3 Numerical Results of Inflated Tube under Bending 

The midspan deflections are presented in this section. The purpose of the numerical 

model is to verify the finite element model reliability. Figures 3.2 to 3.6 demonstrate the 

tubes bending deformation under different loads. 
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Figure 3.2 Tube 1 stress contour under 4.9N  

  

Figure 3.3 Tube 2 deflection under 6.86N 

  

Figure 3.4 Tube 3 deflection under 8.33N 



 
 

81 
 

  

Figure 3.5 Tube 4 deflection under 6.37N 

  

Figure 3.6 Tube 5 deflection under 5.59N 

3.3 Bending experiments on inflatable tubes 

3.3.1 Bending Experiments Preparation  

The bending test is designed for simply supported inflatable beams under a 

concentrated force. The experimental set up for bending experiments is shown in Figure 4. 

The experiment involves an inflated beam, support frame, metering pump for water supply 

and pulley loading fixture. The inflatable beams are introduced in Section 2.2, made of 

different fabrics. The simple support system is constructed by 80/20 frames. It has one 

horizontal beam placed in the test tank and two adjustable vertical beams which can slide 

horizontally to fit the different tube sizes. The inflatable beam is clamped onto the two 
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vertical ends as simple supports. The concerted load is provided by weights through a 

pulley system. The whole bending test system is shown in Figure 3.7. During the test, the 

pump keeps working to provide 3 ml/s water flow in order to maintain the tube’s internal 

pressure, 150 kPa, which is measured by a pressure gauge. Tubes 1 to 5 are tested under 

different loads, and the deflection is recorded. 

 

Figure 3.7 Bending test experimental setup 

3.3.2 Experimental results and data analysis 

The experimental results include fabric tensile test results, seam strength test results, 

tube structure inflation process results, and inflated tube bending results. The fabric tensile 

test results can provide the basic properties for PET membranes featuring three different 

thicknesses as well as the effects of varying orientation. The seam strength test results can 

be used to determine the modified value of the material elastic modulus in the next chapter. 

The tube structure inflation process results show the deployment process for each specimen 
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under different conditions. The bending results provide the relationship between tube size, 

materials, and load-carrying capability. 

The bending test is conducted for different tubes featuring varying materials and 

sizes. The loading capability of each tube is determined by the load induced collapse via 

tube wrinkling. Bending deformation under the maximum load is shown in Figures 3.8 to 

3.12. From the tube’s bending deformation, the loading capability depends on material and 

size; tubes made from thicker fabrics can hold greater loads. Likewise, for the tubes of the 

same fabric, shorter ones can hold greater loads than longer ones. 

 

Figure 3.8 Tube 1 deflection under 4.9N concentrated force 

 

Figure 3.9 Tube 2 deflection under 6.86N concentrated force 

 

Figure 3.10 Tube 3 deflection under 8.33N concentrated force 
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Figure 3.11 Tube 4 deflection under 6.37N concentrated force 

 

Figure 3.12 Tube 5 deflection under 5.59N concentrated force 

3.4 Inflated Structure Numerical and Experimental Results Comparison 

In this study, we focus on inflated tube mechanics, mainly for the tube load-carrying 

capability. The inflated beam load-carrying capability is limited for certain range, 

controlled by the wrinkles. For the simply supported beam, the wrinkles [78-81] are caused 

by beam deflection. There are three independent variables that affect beam deflection: 

fabric material, beam size, and concentrated force. The increasing concentrated force will 

eventually cause beam collapse. The force is also known as wrinkling force. The 

deflections for tubes and wrinkling loads are presented in this section.  

Five tubes were produced using the fabrics discussed in Section 2.1. The tube was 

inflated with 150 kPa internal pressure. We took 500 gram weight (4.9N) as a reference to 

obtain the different beam behavior. Beam collapse loads were recorded for these tubes. 

Because the collapse loads for Tube 2 to Tube 5 were higher than 4.9N, but Tube 1 

collapsed under a load of 3.92N, the experimental and numerical results for Tube 1 under 

4.9N were not presented. Figure 6 illuminates the experimental and numerical results of a 

collapsed tube (Tube 1).  
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The wrinkling load is the load that causes the tube to collapse. For a simply supported 

tube it is given by F=4pπR3/L (Comer and Levy [44]). Comparisons between analytical 

and experimental wrinkling loads are shown in Table 2. The errors between the 

experimental results and the analytical results range from 2% to 22%. The primary cause 

of the errors is that the numerical model of wrinkling load accounts for the internal pressure 

and tube size, but the material properties are not considered in the model. Further research 

will be required to develop a analytical model to predict the wrinkling load more accurately. 

 

(a)   Tube 1 experimental result                  (b) Tube 1 experimental result 

Figure 3.13 Collapsed Tube 1 experimental and numerical results 
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 Table 3.2 Wrinkling load on inflated tube with different materials 

Tube 

Number 

Length 

(mm) 

Radius 

(mm) 

Thickness 

(mm) 
Wrinkling load F (N)   

1 190 10 0.01 

Analytical 9.92 

Experimental 3.92 

Error 60% 

2 190 10 0.04 

Analytical 9.92 

Experimental 6.86 

Error 31% 

3 190 10 0.06 

Analytical 9.92 

Experimental 10.29 

Error 4% 

4 290 10 0.06 

Analytical 6.5 

Experimental 6.37 

Error 2% 

5 410 10 0.06 

Analytical 4.6 

Experimental 5.59 

Error 22% 

 

Figure 3.14 presents the numerical and experimental results of deflections for a 

simply supported tube under 4.9N concerted force. The maximum deflection occurred 

at the middle span.  
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(a)

(b) 

Figure 3.14 Experimental and numerical deflection curves for Tube 1 to Tube 5 

(a) Tube 2 and 3 shape under 4.9N load; (b) Tube 4 and 5 shape under 4.9N load 

The tubes showed almost linear behavior under a load less than the wrinkling load. 

The numerical results showed the same trend compared with experimental results. The 

shape of Tube 5 was slightly nonlinear, which was due to the span spacing and water 

gravity effect. 
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CHAPTER 4 – UNDERWATER INFLATABLES DESIGN

Based on aforementioned inflatable structure applications and features, a couple 

different morphing ocean structures are proposed and designed for potential subsea 

applications.  

4.1 Deployable Structure for Intervention on Oil Seeps 

Deployable Structure for Intervention on Oil Seeps (DISIOS) is one potential 

application for oil seeps research. Oil seeps release 47% of the ocean’s petroleum pollution 

every year according to data from the National Research Council [82]. The dimensions of 

the seeps’ vents are commonly about half a centimeter in diameter but can be as large as 

several meters in diameter. Obviously, the seeps’ distributed scope is wide, but the area is 

large and the rate of chemical leakage is relatively slow compared to disasters like oil spills. 

The chemicals that flow out are very often toxic, but some organisms that live nearby have 

adapted to the conditions in and around seeps; scientists could study this “living laboratory” 

to determine how natural processes affect the fate of seeped oil. DISIOS is a morphing 

collection device for light density chemicals from oil seeps, which could exert its 

advantages of being lightweight, large-range, and low-cost. DISIOS is a passive device and 

will float up to the ocean surface automatically by light chemical buoyancy. Figure 4.1 

shows a schematic diagram of DISIOS. Our proposed DISIOS system will be deployed, 

deflated, and folded up from a research vessel. The system would arrive at the desired 

destination via self-orientation device. Once the system arrives at the destination, it will 
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inflate to morph into a dome. The inflatable tubes act as a frame to allow membranes to 

stretch. Anchors are attached to the inflatable tubes to keep the system in position. The 

morphed system can collect lower density chemicals in the seawater surrounding the seeps. 

After collecting enough chemicals, the system will float up to the surface by buoyancy. 

 

 

Figure 4.1 DISIOS Schematic Diagram 

Since the dome shape covers the greatest volume for the least amount of material, 

we will use a dome-shaped structure for the DISIOS collection system. For the dome design, 

we propose to use inflatable tubes or particles as basic elements to support the dome frame, 

and membranes to cover the dome shape. For now, we will create four types of domes, 

which include an arched dome, ring dome, particle element dome, and geodesic dome. We 

ignore the effect of fluid flow during the design process.   
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The arched dome is formed by vertical and transverse tubes, which stretch to a 

hemisphere dome frame which is then covered by membranes. Figure 4.2 shows an arched 

dome with four vertical tubes and three transverse tubes. 

 

Figure 4.2 Arched Dome 

The ring dome is formed by circular tubes which are bonded with each other to 

form a hemisphere shape or cone shape, with covered membranes inside and outside. 

Figure 4.3 shows a ring dome.  
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Figure 4.3 Ring Dome 

The particle dome is formed by basic triangle elements which are connected with 

each other at the seam to form a dome shape, and are then covered with membranes inside 

and outside. Figure 4.4 shows a particle dome.  

 

Figure 4.4 Particle Dome 
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A geodesic dome is formed by basic straight tubes which are connected to each 

other to form a geodesic dome shape, and are then covered by membranes. Figure 4.5 

shows a geodesic dome, where the straight lines represent the tubes.  

 

Figure 4.5 Geodesic Dome 

Anchors are used to prevent the dome from drifting during oil collection; in our 

application, we will use inflatable anchors for convenient transportation. We have two 

options for the anchors; one is a connected anchor made up of water bags attached to the 

bottom of the dome, the other option uses separate anchor water bags attached to the dome 

by ropes. Figure 4.6 shows an arched dome with two kinds of anchors. 
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(a)Attached anchor                                       (b) Connected anchor 

Figure 4.6 Arched dome with two kinds of anchors 

The inflatable structure needs internal pressurized water to maintain its deployed 

shape, so a pump is used as a power supply. The water will be injected into the basic 

elements, such as hoses, tubes, and particle chambers. As from previous research studies, 

more applications with passively controlled deployment were conducted than with free 

deployment. In free deployment, the inflated or partially inflated segments of a structure 

are not restrained from moving about freely in space once released. In controlled 

deployment, only the inflated segments are allowed to deploy in space. Since fully inflated 

segments have much higher stiffness than partially inflated segments, systems with 

controlled deployment tend to be more stable. In this case, we propose to divide the inflated 

structure into multiple chambers, and employ multiple control values to make sure the 

whole structure stabilize during the morphing process.   

4.2 Underwater Deployable Sensor Network 

Underwater Sensor Network (USN) concept is a new research direction that has 

been widely accepted and studied. The USN employs sensors and underwater platforms, 

such as ROVs, AUVs, and ocean gliders for underwater data collection. To be more 
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specific, USN can be used for applications such as stationary observation, target detection, 

and tracking. Compared with conventional monitoring systems, USN can employ different 

types of sensors to provide a high resolution and wide area surveillance. Practical 

applications for USN include environment monitoring, underwater prospecting, and 

disaster preparedness. The pollution at offshore area is a pressing issue, which needs close 

observation. USN can provide various types of monitoring methods for marine 

environmental pollution to detect and monitor chemicals, biotic components, radioactive 

substances, and oil spills at lakes, rivers, gulfs, and oceans. Underwater prospecting is 

difficult due to the high pressure and complexity of underwater conditions. UNS is useful 

and allows us to explore the unknown water area for underwater applications development, 

which includes mineral mining, oil exploration, and submarine cable installation. It is 

practical to apply USN to observe a wide range of underwater activities such as tsunamis 

and earthquakes. Once unusual data is detected, the USN system will transfer the warning 

signal to an offshore command center for disaster preparedness. The current USN system 

is formed by individual sensors where the nodal density changes based on external forces. 

We propose to apply a morphing ocean structure as the platform to hold the individual 

sensors and maintain the relative positions. This method can ensure the system density as 

well as the measurement accuracy.  

These morphing ocean structures can be deployed from existing ocean research 

platforms and are equipped with underwater acoustic or imaging sensors. These underwater 

sensors can form a sensor network to provide a wide area of data collection with a higher 

resolution compared with the sensors carried by AUVs. Underwater sensor networks [83] 

provide a long term habitat monitoring solution by employing a dense sensor node 
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deployment ($100 per sensor node and 100m apart). These sensor locations are determined 

by the morphing ocean structure’s dimensions. 

An Underwater Deployable Sensor Network (UDSN) is a conceptual design for 

seafloor sensor networking establishment. UDSNs are packed as capsule type elements, 

which can be carried and deployed by programmed AUVs and wave gliders.  UDSN 

sensors (acoustic and imaging instruments) are located on the inflatable structures sealing 

ends and connectors, which are rigid parts of the system. Once the USNS folded package 

morphs into the final tube form, the density of the sensor network is defined. The UDSN 

conceptual design is shown in Figure 4.7. One AUV carries a couple folded UDSN 

capsules and drops these on the sea floor at a certain distance on the path. Once the package 

lands on the seafloor with the right orientation, an anchor can be deployed from one sealing 

end and a fold tie will be released. An underwater pump then starts to inflate the structure. 

One folded package element will eventually deform into a tube shape. The inflated element 

is shown at the bottom left of Figure 4.7; one in the middle of the inflation process is shown 

in the lower-middle and the folded package is shown in the right section of Figure 4.7. The 

time interval for element drops are programmed and calculated based upon USNS density 

requirements and the velocity of the carrier. 
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Figure 4.7 Underwater Deployable Sensor Network (UDSN) Conceptual Design 

4.3 Underwater Inflatable Co-prime Sonar Array 

The underwater inflatable co-prime sonar array (UICSA) system is based on co-

prime sampling technology, which can provide higher resolution data for the focus area. 

The microphone arrays can be used to locate the underwater sound source with fewer 

sensors than conventional sensing methods. The proposed concept of UICSA is shown in 

Figure 4.8.  
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Figure 4.8 Concept of underwater inflatable co-prime sonar array (UICSA) 

system  

The UISCSA system can be taken as a subsystem of the UINS. AUVs are employed 

for the folded structure transportation and ocean gliders are needed to collect data using 

acoustic communication. The ocean gliders can be programed to get the observation data 

from UISCSA system. The ocean glider can flow up to the surface and send the data to 

ships, helicopters, off-shore command centers, or satellites. The system node density 

depends on the instrument capability, underwater environment, and mission requirement. 
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Deploying UICSA 
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A co-prime array employs two interleaved uniform linear subarrays with co-prime 

number of elements and co-prime inter-element spacing. It can resolve a much higher 

number of sources compared to a conventional uniform half-wavelength spaced array for 

a given number of sensors.   

For the structural design, we will build two separate inflatable structures to support 

two uniform linear passive sonar arrays. More specifically, will develop two subarray 

structures containing three hydrophones and five hydrophones, respectively, shown in 

Figure 4.5.  

 

Figure 4.5 UICSA three-element and Five-element uniform subarray  

The spacings will be 3d for the five-element structure and 5d for the three-element 

structure, where d is one-half wavelength. This design provides the flexibility to easily 

realize different CADiS configurations. For example the two sub-arrays can be connected 

in a collinear fashion or deployed in a distributed CADiS configuration [84]. The structure 

will be anchored horizontally on the floor after it morphs into the final shape. During the 

experiment, data will be recorded in a data logger and uploaded to the server for processing 

after we recover the structure. Each underwater inflatable sonar subarray includes two 

Suction anchor 

Pump 

Hydrophone 

Data logger 

Sealing end 

5d 

3d 
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sealing ends, inflatable tube elements, connectors, and pumps. The hydrophone and data 

logger will be attached to the connectors; cables will run from each hydrophone to the data 

logger. We will assume a sandy seafloor; therefore, suction anchors [85] will be used to 

secure the structure. However, we will investigate other types of anchors, such as 

Bulwagga Anchor, which is more suitable for deploying the UICSA on a rocky seabed. 

The suction anchors will be attached to the underwater pump which can be turned 

on by either a timer or a pressure sensitive switch. One key component that we will 

investigate during the project is an efficient dual-purpose underwater pump design that can 

both create the suction anchors and fill up the inflatable structure, shown in Figure 4.6. We 

will study a pressure sensitive valve to allow the pump first to create the suction anchors 

which also will partially inject water into the inflatable structure. With increasing strength 

of the suction anchor, the pressure from its intake will decrease, shown in Figure 4.6 (a). 

The pressure differences will open the valve to inject water into the UDS from the separate 

intake, and morph into the final structure. 

           

(a) Pressure sensitive valve                        (b) Due-purpose pump 

Figure 4.6 Due-purpose underwater pump to create the suction anchor and inject water 

into the structure 
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CHAPTER 5. CONCLUSION

This research provides a practical numerical model to predict the tubular structure 

deployment process. The accuracy of the numerical model is verified by small scale 

laboratory experiment. Unlike previous research, the inflatable’s deployment prediction 

model introduces a new threshold based on the angle between two tube segments to 

determine the inlet flow for each segments. The model for inflation process employs CV 

method for morphing process prediction instead of fluid structure interaction method. This 

provides an efficient analysis solution for simple inflatable structure morphing analysis. 

This model, based on simple theory, can provide a basis for ocean structure design and 

deployment prediction.    

The experiments have shown that different water depths have limited effect on the 

deployment process. This phenomenon also verifies our hypothesis that the deployment 

process is driven by the tube’s inner and ambient pressure differences. Theoretically, the 

inflatables can be inflated in deep sea. 

The numerical models for inflated beam analysis using fluid structure interaction 

method are utilized to study the inflated beam load-carrying capability. The numerical 

model considers the inner fluid flow effect and the results are close to those obtained via 

experimental data, which means the numerical model is reliable. The model is also practical 

for wrinkling force prediction. The analytical solution [4] is applied to predict the wrinkling 
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load; the results show there is a need for a new theory that considers the thin-wall effect 

and long span effect for inflatables. 

The ocean morphing structures are designed and fundamental elements are 

manufactured. The ocean morphing structures provide a cost-efficient solution for 

underwater projects. The overall design of underwater inflatable co-prime sonar array was 

discussed and documented. The inflatable tubes, fundamental elements of the designed 

structure, are manufactured as small scale prototypes. A variety of the modifications were 

made during the manufacturing procedure; these changes and lessons are also documented. 

This research successfully models the inflatable tube morphing and bending 

behavior for underwater applications. The methods used in the research provide a solution 

for underwater inflatable structure design and analysis. The study expands the inflatable 

structure uses for subsea applications, which may further promote the development of 

inflatables for underwater applications. 
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Appendix A. Experimental result of inflatable tube inflation process 
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Figure 1 Tube 2 deployment in the air 
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Appendix B. Numerical result of inflatable tube inflation process  
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        t=7s 
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            t=11s 
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           t=13s 

          t=14s  

Figure 2 Tube 3 deployment process 

 

  

  

 

 



 
 

107 
 

Appendix C. Overview of Inflatable Tube Model 

*KEYWORD 

*TITLE 

$#   Inflatable Tube 

LS-DYNA keyword deck by LS-PrePost 

*CONTROL_TERMINATION 

$#  endtim    endcyc     dtmin    endeng    endmas       

 15.000000         0     0.000     0.0001.000000E8 

*DATABASE_ABSTAT 

$#      dt    binary      lcur     ioopt      

0.00500000         0         0         1 

*DATABASE_GLSTAT 

$#      dt    binary      lcur     ioopt      

0.00500000         0         0         1 

*DATABASE_MATSUM 

$#      dt    binary      lcur     ioopt      

0.00500000         0         0         1 

*DATABASE_BINARY_D3PLOT 

$#      dt      lcdt      beam     npltc    psetid       

0.00500000         0         0         0         0 

$#   ioopt      

         0 

*BOUNDARY_PRESCRIBED_MOTION_SET 
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$#    nsid       dof       vad      lcid        sf       vid     death     birth 

         3         8         2         4 1.0000000         11.00000E28     0.000 

*BOUNDARY_SPC_SET_BIRTH_DEATH 

$#    nsid       cid      dofx      dofy      dofz     dofrx     dofry     dofrz 

         1         0         1         1         0         0         0         0 

$#   birth     death      

     0.000     0.000 

*SET_NODE_LIST_TITLE 

NODESET(SPC) 1 

$#     sid       da1       da2       da3       da4    solver       

         1     0.000     0.000     0.000     0.000MECH 

$#    nid1      nid2      nid3      nid4      nid5      nid6      nid7      nid8 

         1        22        43        64        85       106       127       148 

       169       190       211         0         0         0         0         0 

*BOUNDARY_SPC_SET_BIRTH_DEATH 

$#    nsid       cid      dofx      dofy      dofz     dofrx     dofry     dofrz 

         2         0         0         0         1         0         0         0 

$#   birth     death      

     0.000     0.000 

*SET_NODE_LIST_TITLE 

NODESET(SPC) 2 

$#     sid       da1       da2       da3       da4    solver       

         2     0.000     0.000     0.000     0.000MECH 
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$#    nid1      nid2      nid3      nid4      nid5      nid6      nid7      nid8 

         1         2         3         4         5         6         7         8 

         9        10        11        12        13        14        15        16 

        17        18        19        20        21       464       465       466 

       467       468       469       470       471       472       473       474 

       475       476       477       478       479       480       860       861 

       862       863       864       865       866       867       868       869 

       870       871       872       873       874       875       876       877 

       878       879         0         0         0         0         0         0 

*BOUNDARY_SPC_NODE_BIRTH_DEATH 

$#     nid       cid      dofx      dofy      dofz     dofrx     dofry     dofrz 

        21         0         1         0         0         0         0         0 

$#   birth     death      

     0.000     0.000 

*LOAD_GRAVITY_PART_SET 

$#     pid       dof        lc     accel      lcdr      stga      stgr     

         2         2         4     0.000         0         0         0 

         2         1         4     0.000         0         0         0 

*CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_ID 

$#     cid                                                                 title 

         1                                                                       

$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 

         1         1         2         2         0         0         0         0 
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$#      fs        fd        dc        vc       vdc    penchk        bt        dt 

     0.000     0.000     0.000     0.000     0.000         0     0.0001.00000E20 

$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 

 1.0000000 1.0000000     0.000     0.000 1.0000000 1.0000000 1.0000000 

1.0000000 

*SET_PART_LIST 

$#     sid       da1       da2       da3       da4    solver       

         1     0.000     0.000     0.000     0.000MECH 

$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 

         1         2         0         0         0         0         0         0 

*CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_ID 

$#     cid                                                                 title 

         2                                                                       

$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 

         1         2         2         2         0         0         0         0 

$#      fs        fd        dc        vc       vdc    penchk        bt        dt 

     0.000     0.000     0.000     0.000     0.000         0     0.0001.00000E20 

$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 

 1.0000000 1.0000000     0.000     0.000 1.0000000 1.0000000 1.0000000 

1.0000000 

*SET_PART_LIST 

$#     sid       da1       da2       da3       da4    solver       

         2     0.000     0.000     0.000     0.000MECH 
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$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 

         3         4         0         0         0         0         0         0 

*CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_ID 

$#     cid                                                                 title 

         3                                                                       

$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 

         2         2         2         2         0         0         0         0 

$#      fs        fd        dc        vc       vdc    penchk        bt        dt 

     0.000     0.000     0.000     0.000     0.000         0     0.0001.00000E20 

$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 

 1.0000000 1.0000000     0.000     0.000 1.0000000 1.0000000 1.0000000 

1.0000000 

*CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_ID 

$#     cid                                                                 title 

         4                                                                       

$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 

         3         2         2         2         0         0         0         0 

$#      fs        fd        dc        vc       vdc    penchk        bt        dt 

     0.000     0.000     0.000     0.000     0.000         0     0.0001.00000E20 

$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 

 1.0000000 1.0000000     0.000     0.000 1.0000000 1.0000000 1.0000000 

1.0000000 

*SET_PART_LIST 
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$#     sid       da1       da2       da3       da4    solver       

         3     0.000     0.000     0.000     0.000MECH 

$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 

         5         6         0         0         0         0         0         0 

*CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_ID 

$#     cid                                                                 title 

         5                                                                       

$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 

         3         3         2         2         0         0         0         0 

$#      fs        fd        dc        vc       vdc    penchk        bt        dt 

     0.000     0.000     0.000     0.000     0.000         0     0.0001.00000E20 

$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 

 1.0000000 1.0000000     0.000     0.000 1.0000000 1.0000000 1.0000000 

1.0000000 

*PART 

$#                                                                         title 

                                                                                 

$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 

         1         1         1         0         0         0         0         0 

*SECTION_SHELL 

$#   secid    elform      shrf       nip     propt   qr/irid     icomp     setyp 

         1         5 1.0000000         2 1.0000000         0         0         1 

$#      t1        t2        t3        t4      nloc     marea      idof    edgset 
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0.060000000.060000000.060000000.06000000     0.000     0.000     0.000         0 

*MAT_ELASTIC 

$#     mid        ro         e        pr        da        db  not used         

         11.13000E-5 2.00000000.34000000     0.000     0.000         0 

*PART 

$#                                                                         title 

                                                                                 

$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 

         2         1         1         0         0         0         0         0 

*PART 

$#                                                                         title 

                                                                                 

$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 

         3         1         1         0         0         0         0         0 

*PART 

$#                                                                         title 

                                                                                 

$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 

         4         1         1         0         0         0         0         0 

*PART 

$#                                                                         title 

                                                                                 

$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
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         5         1         1         0         0         0         0         0 

*PART 

$#                                                                         title 

                                                                                 

$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 

         6         1         1         0         0         0         0         0 

*RIGIDWALL_PLANAR_FINITE_ID 

$#      id                                                                 title 

         1                                                                       

$#    nsid    nsidex     boxid    offset     birth     death     rwksf      

         0         0         0     0.0001.00000E20     0.000     0.000 

$#      xt        yt        zt        xh        yh        zh      fric      wvel 

0.50000000 170.00000     0.0000.50000000 170.00000 85.000397     0.000     0.000 

$#    xhev      yhev      zhev      lenl      lenm     

     0.000     0.000     0.000     0.000     0.000 

*INITIAL_VELOCITY_GENERATION_START_TIME 

$#   stime      

 3.0000000 

*DEFINE_CURVE 

$#    lcid      sidr       sfa       sfo      offa      offo    dattyp       

         1         0 1.0000000 1.0000000     0.000     0.000         0 

$#                a1                  o1   

               0.000               0.000 
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          5.00000000          0.01000000 

          5.01000023          0.00100000 

         10.00000000               0.000 

         15.00000000               0.000 

*DEFINE_CURVE 

$#    lcid      sidr       sfa       sfo      offa      offo    dattyp       

         2         0 1.0000000 1.0000000     0.000     0.000         0 

$#                a1                  o1   

               0.000               0.000 

          5.00000000               0.000 

         10.00000000          0.01000000 

         10.01000023               0.000 

         15.00000000               0.000 

*DEFINE_CURVE 

$#    lcid      sidr       sfa       sfo      offa      offo    dattyp       

         3         0 1.0000000 1.0000000     0.000     0.000         0 

$#                a1                  o1   

               0.000               0.000 

          9.00000000               0.000 

         14.00000000          0.01000000 

         10.00000000          0.01000000 

         14.89999962               0.000 

         15.00000000               0.000 
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*DEFINE_CURVE 

$#    lcid      sidr       sfa       sfo      offa      offo    dattyp       

         4         0 1.0000000 1.0000000     0.000     0.000         0 

$#                a1                  o1   

               0.000               0.000 

          5.00000000         6000.000000 

         10.00000000               0.000 

         15.00000000          1.00000000 

*DEFINE_VECTOR 

$#     vid        xt        yt        zt        xh        yh        zh       cid 

         1 1.5000000 59.500000 5.7399998 1.5000000 59.500000 35.637501         0 

*AIRBAG_LINEAR_FLUID_ID 

$#      id                                                                 title 

         1Bag1 

$#     sid    sidtyp      rbid      vsca      psca      vini       mwd      spsf 

         1         1         0 1.0000000 1.0000000     0.000     0.000     0.000 

$#    bulk        ro     lcint    lcoutt    lcoutp     lcfit    lcbulk      lcid 

1.00000E-41.00000E-6         1         0         0         0         0         0 

*AIRBAG_LINEAR_FLUID_ID 

$#      id                                                                 title 

         2Bag1 

$#     sid    sidtyp      rbid      vsca      psca      vini       mwd      spsf 

         2         1         0 1.0000000 1.0000000     0.000     0.000     0.000 
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$#    bulk        ro     lcint    lcoutt    lcoutp     lcfit    lcbulk      lcid 

1.00000E-41.00000E-6         2         0         0         0         0         0 

*AIRBAG_LINEAR_FLUID_ID 

$#      id                                                                 title 

         3Bag1 

$#     sid    sidtyp      rbid      vsca      psca      vini       mwd      spsf 

         3         1         0 1.0000000 1.0000000     0.000     0.000     0.000 

$#    bulk        ro     lcint    lcoutt    lcoutp     lcfit    lcbulk      lcid 

1.00000E-41.00000E-6         3         0         0         0         0         0 

*ELEMENT_SHELL 

$#   eid     pid      n1      n2      n3      n4      n5      n6      n7      n8 

       1       1       1       2      23      22       0       0       0       0 

  ... 

    1140       6    1298    1068    1089    1088       0       0       0       0 

*NODE 

$#   nid               x               y               z      tc      rc   

       1      2.50000000      120.000000           0.000       0       0 

 ... 

    1320      0.50000000      170.000000     28.70000076       0       0 

*SET_NODE_LIST 

$#     sid       da1       da2       da3       da4    solver       

         3     0.000     0.000     0.000     0.000MECH 

$#    nid1      nid2      nid3      nid4      nid5      nid6      nid7      nid8 
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        21        42        63        84       105       126       147       168 

  ... 

       833       834       835       836       837       838       839       840 

*END*  
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Appendix D. Overview of Inflated Tube Model 

*Fluid-CFD 

 

*Preprint, echo=NO, model=NO, history=NO, contact=NO 

** 

** PARTS 

** 

*Part, name=Part-1 

*Node 

      1, 0.00913567096, 0.000281277142,           0. 

     

   5070, 0.00295104971, -0.00201259111,  0.200000003 

*Element, type=FC3D8 

   1,  106,   87,   76,   88,   41,   22,   11,   23 

  ... 

4081, 5070, 5048, 5058, 5059, 5005, 4983, 4993, 4994 

*Nset, nset=_PickedSet4, internal, generate 

    1,  5070,     1 

*Elset, elset=_PickedSet4, internal, generate 

    1,  4081,     1 

** Section: Section-1 

*Fluid Section, type=SINGLE FLUID, elset=_PickedSet4 

Water, 
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*End Part 

**   

** 

** ASSEMBLY 

** 

*Assembly, name=Assembly 

**   

*Instance, name=Part-1-1, part=Part-1 

*End Instance 

**   

*Nset, nset=_PickedSet11, internal, instance=Part-1-1, generate 

  1,  65,   1 

*Elset, elset=_PickedSet11, internal, instance=Part-1-1, generate 

  1,  53,   1 

*Elset, elset=_Inlet_S1, internal, instance=Part-1-1, generate 

 4029,  4081,     1 

*Surface, type=ELEMENT, name=Inlet 

_Inlet_S1, S1 

*Elset, elset=_Outlet_S2, internal, instance=Part-1-1, generate 

  1,  53,   1 

*Surface, type=ELEMENT, name=Outlet 
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_Outlet_S2, S2 

*Elset, elset=_Wall_S4, internal, instance=Part-1-1 

    1,    2,   12,   13,   14,   16,   17,   18,   21,   22,   23,   24,   48,   49,   50,   54 

  ... 

 4076, 4077, 4078 

*Elset, elset=_Wall_S5, internal, instance=Part-1-1 

    3,   27,   46,   56,   80,   99,  109,  133,  152,  162,  186,  205,  215,  239,  258,  

268 

  ... 

 3968, 3978, 4002, 4021, 4031, 4055, 4074 

*Elset, elset=_Wall_S3, internal, instance=Part-1-1 

    7,    9,   60,   62,  113,  115,  166,  168,  219,  221,  272,  274,  325,  327,  378,  

380 

 ... 

 3823, 3825, 3876, 3878, 3929, 3931, 3982, 3984, 4035, 4037 

*Elset, elset=_Wall_S6, internal, instance=Part-1-1 

   31,   33,   84,   86,  137,  139,  190,  192,  243,  245,  296,  298,  349,  351,  402,  

404 

  ... 

 3847, 3849, 3900, 3902, 3953, 3955, 4006, 4008, 4059, 4061 

*Surface, type=ELEMENT, name=Wall 
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_Wall_S4, S4 

_Wall_S5, S5 

_Wall_S6, S6 

_Wall_S3, S3 

*Elset, elset=__PickedSurf7_S1, internal, instance=Part-1-1, generate 

 4029,  4081,     1 

*Surface, type=ELEMENT, name=_PickedSurf7, internal 

__PickedSurf7_S1, S1 

*Elset, elset=__PickedSurf8_S2, internal, instance=Part-1-1, generate 

  1,  53,   1 

*Surface, type=ELEMENT, name=_PickedSurf8, internal 

__PickedSurf8_S2, S2 

*Elset, elset=__PickedSurf10_S4, internal, instance=Part-1-1 

    1,    2,   12,   13,   14,   16,   17,   18,   21,   22,   23,   24,   48,   49,   50,   54 

  ... 

 3999, 4023, 4024, 4025, 4029, 4030, 4040, 4041, 4042, 4044, 4045, 4046, 4049, 

4050, 4051, 4052 

 4076, 4077, 4078 

*Elset, elset=__PickedSurf10_S5, internal, instance=Part-1-1 

    3,   27,   46,   56,   80,   99,  109,  133,  152,  162,  186,  205,  215,  239,  258,  

268 
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... 

 3968, 3978, 4002, 4021, 4031, 4055, 4074 

*Elset, elset=__PickedSurf10_S3, internal, instance=Part-1-1 

    7,    9,   60,   62,  113,  115,  166,  168,  219,  221,  272,  274,  325,  327,  378,  

380 

  ... 

 3823, 3825, 3876, 3878, 3929, 3931, 3982, 3984, 4035, 4037 

*Elset, elset=__PickedSurf10_S6, internal, instance=Part-1-1 

   31,   33,   84,   86,  137,  139,  190,  192,  243,  245,  296,  298,  349,  351,  402,  

404 

 ... 

 3847, 3849, 3900, 3902, 3953, 3955, 4006, 4008, 4059, 4061 

*Surface, type=ELEMENT, name=_PickedSurf10, internal 

__PickedSurf10_S4, S4 

__PickedSurf10_S5, S5 

__PickedSurf10_S6, S6 

__PickedSurf10_S3, S3 

*End Assembly 

**  

** MATERIALS 

**  
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*Material, name=Water 

*Density 

1000., 

*Viscosity 

 1e-05, 

**  

** STEP: Step-1 

**  

*Step, name=Step-1, nlgeom=NO 

*CFD, incompressible navier stokes 

0.01, 0.2, 0.025, 0.45, 1 

1e-10, 0.5,  , 0.5, 0.5 

*Momentum Equation Solver 

100, 2, 1e-05 

*Pressure Equation Solver 

250, 2, 1e-05 

ICC, 1, 1, CG 

*Transport Equation Solver 

50, 2, 1e-05 

**  

** BOUNDARY CONDITIONS 
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**  

** Name: BC-3 Type: Displacement/Rotation 

*Boundary 

_PickedSet11, 1, 1 

_PickedSet11, 2, 2 

_PickedSet11, 3, 3 

** Name: Inlet Type: Fluid inlet/outlet 

*Fluid Boundary, type=Surface 

_PickedSurf7, VELZ, -0.014 

** Name: Outlet Type: Fluid inlet/outlet 

*Fluid Boundary, type=Surface 

_PickedSurf8, P, 8850. 

** Interaction: Int-1 

*Co-simulation, name=Int-1, program=MULTIPHYSICS 

*Co-simulation Region, import, type=SURFACE 

_PickedSurf10, U 

_PickedSurf10, V 

*Co-simulation Region, export, type=SURFACE 

_PickedSurf10, LUMPEDMASS 

_PickedSurf10, TRSHR 

**  
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** OUTPUT REQUESTS 

**  

*Restart, write, frequency=0 

**  

** FIELD OUTPUT: F-Output-1 

**  

*Output, field, variable=PRESELECT 

*Output, history, frequency=0 

*End Step 

*Tube 

 

*Preprint, echo=NO, model=NO, history=NO, contact=NO 

** 

** PARTS 

** 

*Part, name=Part-1 

*Node 

      1, 0.00548399985, -0.0073119998,           0. 

 ... 

  11343, 0.00625509582, -0.00666433619,  0.200000003 

*Element, type=M3D4R 
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    1,     1,     2,   201,   200 

 ... 

11286, 11342, 11343,   199,   198 

*Nset, nset=_PickedSet2, internal, generate 

     1,  11343,      1 

*Elset, elset=_PickedSet2, internal, generate 

     1,  11286,      1 

** Section: Pipe 

*Membrane Section, elset=_PickedSet2, material=FABRIC 

6e-05,  

*End Part 

**   

*Part, name=Part-2 

*End Part 

**   

** 

** ASSEMBLY 

** 

*Assembly, name=Assembly 

**   

*Instance, name=Part-1-1, part=Part-1 
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*End Instance 

**   

*Instance, name=Part-2-1, part=Part-2 

          0.,           0.,          0.1 

*Node 

      1, 0.00770119997, -0.00492251106,           0. 

   ... 

   1848, -0.0121697029, -0.0026411349, 0.00200000009 

*Element, type=C3D8R 

   1,  672,  673,  769, 1222,   56,   57,  153,  606 

  ... 

1080, 1700, 1719, 1822, 1777, 1084, 1103, 1206, 1161 

*Nset, nset=_PickedSet2, internal, generate 

    1,  1848,     1 

*Elset, elset=_PickedSet2, internal, generate 

    1,  1080,     1 

** Section: Section-2 

*Solid Section, elset=_PickedSet2, material=Plastic 

, 

*End Instance 

**   
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*Nset, nset=_PickedSet7, internal, instance=Part-1-1, generate 

   199,  11343,    199 

*Elset, elset=_PickedSet7, internal, instance=Part-1-1, generate 

   198,  11286,    198 

*Nset, nset=_PickedSet8, internal, instance=Part-1-1, generate 

     1,  11145,    199 

*Elset, elset=_PickedSet8, internal, instance=Part-1-1, generate 

     1,  11089,    198 

*Nset, nset=_PickedSet13, internal, instance=Part-2-1, generate 

    1,  1848,     1 

*Elset, elset=_PickedSet13, internal, instance=Part-2-1, generate 

    1,  1080,     1 

*Nset, nset=_PickedSet19, internal, instance=Part-2-1, generate 

    1,  1848,     1 

*Elset, elset=_PickedSet19, internal, instance=Part-2-1, generate 

    1,  1080,     1 

*Elset, elset=__PickedSurf6_SNEG, internal, instance=Part-1-1, generate 

     1,  11286,      1 

*Surface, type=ELEMENT, name=_PickedSurf6, internal 

__PickedSurf6_SNEG, SNEG 

*Elset, elset=__PickedSurf11_SPOS, internal, instance=Part-1-1, generate 
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     1,  11286,      1 

*Surface, type=ELEMENT, name=_PickedSurf11, internal 

__PickedSurf11_SPOS, SPOS 

*Elset, elset=__PickedSurf12_S3, internal, instance=Part-2-1 

   1,   5,   7,  20,  25,  38,  41,  47, 139, 141, 143, 145, 150, 157, 159, 160 

 163, 165, 167, 168, 173, 180, 182, 541, 545, 547, 560, 565, 578, 581, 587, 679 

 681, 683, 685, 690, 697, 699, 700, 703, 705, 707, 708, 713, 720, 722 

*Elset, elset=__PickedSurf12_S5, internal, instance=Part-2-1 

   3,   8,   9,  10,  15,  16,  17,  21,  23,  26,  27,  28,  33,  34,  35,  51 

  53,  57,  58,  59,  60,  63,  64,  67,  69,  70,  74,  75,  76,  77,  80,  81 

 152, 175, 543, 548, 549, 550, 555, 556, 557, 561, 563, 566, 567, 568, 573, 574 

 575, 591, 593, 597, 598, 599, 600, 603, 604, 607, 609, 610, 614, 615, 616, 617 

 620, 621, 692, 715 

*Elset, elset=__PickedSurf12_S4, internal, instance=Part-2-1 

 183, 723 

*Surface, type=ELEMENT, name=_PickedSurf12, internal 

__PickedSurf12_S3, S3 

__PickedSurf12_S5, S5 

__PickedSurf12_S4, S4 

*End Assembly 

**  
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** MATERIALS 

**  

*Material, name=FABRIC 

*Density 

1130., 

*Elastic 

 2e+09, 0.37 

*Material, name=Plastic 

*Density 

1300., 

*Elastic 

 2e+09, 0.3 

**  

** INTERACTION PROPERTIES 

**  

*Surface Interaction, name=IntProp-1 

1., 

*Surface Behavior, pressure-overclosure=HARD 

**  

** BOUNDARY CONDITIONS 

**  
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** Name: BC-1 Type: Displacement/Rotation 

*Boundary 

_PickedSet7, 1, 1 

_PickedSet7, 2, 2 

_PickedSet7, 3, 3 

** Name: BC-2 Type: Displacement/Rotation 

*Boundary 

_PickedSet8, 1, 1 

_PickedSet8, 2, 2 

_PickedSet8, 3, 3 

**  

** INTERACTIONS 

**  

** Interaction: Int-2 

*Contact Pair, interaction=IntProp-1, type=SURFACE TO SURFACE, no thickness 

_PickedSurf12, _PickedSurf11 

** ---------------------------------------------------------------- 

**  

** STEP: Step-1 

**  

*Step, name=Step-1, nlgeom=YES, inc=10000 
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*Dynamic 

0.01,0.2,2e-06 

**  

**  

** LOADS 

**  

** Name: Load-1   Type: Body force 

*Dload 

_PickedSet13, BY, 3000. 

** Interaction: Int-1 

*Co-simulation, name=Int-1, program=MULTIPHYSICS 

*Co-simulation Region, import, type=SURFACE 

_PickedSurf6, CF 

_PickedSurf6, LUMPEDMASS 

*Co-simulation Region, export, type=SURFACE 

_PickedSurf6, U 

_PickedSurf6, V 

**  

** OUTPUT REQUESTS 

**  

*Restart, write, frequency=0 
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**  

** FIELD OUTPUT: F-Output-1 

**  

*Output, field, variable=PRESELECT 

**  

** HISTORY OUTPUT: H-Output-1 

**  

*Output, history, variable=PRESELECT 

*End Step  
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