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The Ocean Observation Systems (OOS) group of the National Institute of Ocean Technology (NIOT) is involved in the 

design, development and sustenance of moored data buoys in the Indian Seas. The moored buoy systems deployed in the 

Northern Indian Ocean provide real-time, continuous observation of surface meteorological and oceanographic parameters 

which help in monitoring extreme weather events and natural disasters such as cyclones and tsunamis. Buoy components 

are of different sizes and shapes and are made of various materials, including metals and plastics. However, due to unique 

and critical design requirements, the development of deep-sea components faces hurdles caused by manufacturing 

limitations. The advent of additive manufacturing (AM) has met the demand for quickly producing parts. Due to the high 

pressure and low temperature conditions, it is extremely difficult to design and develop deep sea components. 

Consequently, High Impact Polystyrene (HIPS) material has been selected for the subsurface floats. The float is 

manufactured using the Fused Deposition Modeling (FDM) additive manufacturing technique in the Fabheads 1K FDM 

printer with pellet based extrusion method. These subsurface floats are used at a water depth of 500 m in NIOT buoy 

systems, with a working pressure of approximately 50 bar. Taking a factor of safety of two into account, the part is 

designed to withstand 100 bar. To assess the component's performance under deep-sea hydrostatic conditions, it underwent 

testing in the hyperbaric chamber test facility at NIOT. During the qualification process, the component successfully 

withstood the design pressure of 100 bar and imploded at 102 bar. This study is part of NIOT's ongoing efforts to 

indigenize deep-sea components using AM and assess its future prospects. 
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1. INTRODUCTION 

Since its inception in 1997, the moored buoy program 

has successfully sustained the buoy systems in the Northern 

Indian seas for more than 25 years. The moored buoys 

provide real time meteorological and oceanographic data 

sets from coastal and deep-sea locations [1]. The weather 

forecasting and warning systems are greatly enhanced by 

the systematic time series measurements of moored buoy 

systems, especially during extreme weather phenomena like 

cyclones and tsunamis. The surface buoy (floating on the 

water surface), instrument container, mast assembly, 

electronic sensors, mooring components, subsurface plastic 

and glass floats, and sinker weight (anchored on the sea bed) 

are components of the moored buoy system. These 

components are made of various materials, including 

aluminum 6061 T6, stainless steel 316, medium density 

polyethylene (MDPE), Polystyrene, FRP, 17- 4 PH steel, 

and galvanized steel. The pressure enclosure and the 

buoyancy floatation devices are the essential parts of the 

moored buoy systems. Steels, titanium, and ceramics are 

some of the materials used to make underwater pressure 

vessels, and they should be lightweight but should have high 

strength [2]. The buoyancy floatation units that are added to 

the subsea system will significantly lower its weight, 

causing it to become neutrally buoyant [3]. The moored 

buoy network as shown in Fig. 1 includes 12 deep ocean 
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OMNI buoys, 3 coastal buoys, 4 tsunami buoys and a Cal-

Val buoy. 

 

Fig. 1. Moored buoy network in the Northern Indian Ocean 

Pressure enclosures can be utilized to enclose electronic 

instruments and power sources that are attached to the 

mooring line and deployed at the desired depth. Subsurface 

floats are employed in the mooring line to provide the 

necessary buoyancy for recovering the instruments from the 

deployed depth to the sea surface. The size of the pressure 

enclosure and float depends on factors such as the payload 

of the electronics, working depth, and buoyancy 

requirements. 
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The conventional manufacturing process, due to high 

setup costs and longer lead times, is not suitable for 

accommodating dynamic design changes based on project 

requirements. However, considering the specific nature of 

the application and the relatively low number of 

components required, emerging technologies like additive 

manufacturing are deemed more suitable for producing 

underwater components. The spherical shape of the float is 

advantageous as it offers a streamlined body with reduced 

drag and the ability to withstand high hydrostatic pressures. 

A study has been undertaken to explore the feasibility of 

designing and fabricating a spherical float as an early proof 

of concept of being able to produce unique instrument 

housings using additive manufacturing. The general method 

of the additive manufacturing process is illustrated in Fig. 2. 

A 3D model is created using CAD software for slicing the 

designed part [4]. 

 

Fig. 2. Stages in additive manufacturing 

The software, converted into an .STL file, and then sent 

to C6 components are constructed using the same additive 

manufacturing approach. The data preparation process 

involves determining the part orientation, placement of 

support structures, and slicing of the model. Post-processing 

may be conducted on the parts before testing. 

Additive manufacturing involves adding individual 

building components one layer at a time, similar to stacking 

a pack of cards. The fused material is layered to form the 

parts, following the principles of Fused Deposition 

Modeling (FDM). 

Deep-sea buoy components typically require high-

strength materials to withstand the extreme pressure 

conditions in the water column. The high hydrostatic 

pressure experienced alters the yield criterion of the 

materials. Designing and operating deep-water systems 

pose significant challenges and necessitate thorough testing 

before implementation. 

2. MATERIALS AND METHODS 

As part of the indigenization of the moored buoy 

components, the subsurface float was designed with plastic 

material and fabricated with 3D printing technology. A 

polymer based High-Impact Polystyrene (HIPS) was chosen 

for our application and has been gaining more and more 

attention in additive manufacturing. HIPS is more suitable 

for our application compare to other materials due to good 

adhesion and its resistance to warping. HIPS is a 

thermoplastic polymer with spheroid domains embedded in 

an amorphous polystyrene matrix, with better opacity, 

elongation, plasticity, and energy absorption properties. It is 

usually obtained as a result of the free radical 

polymerization of styrene monomer in the presence of 

rubbers, usually polybutadiene (PB), to enhance the impact 

strength and toughness of polystyrene (PS) [5]. Depending 

on the rubber particle size and the number of occlusions, two 

typical morphologies are usually identified as a ‘salami 

morphology’ (large rubber particle with several occlusions) 

or a ‘core–shell morphology’ (relatively small rubber 

particle with only one large occlusion), which provide the 

material with improved mechanical properties [6, 7]. 

They have much higher qualities than standard 

thermoplastics, including flexibility, breakage resistance, 

and simplicity of processing. Since it has high impact 

strength and a low tensile strength, it is excellent for 

structural applications. Several studies have been done on 

material [8]. The static and dynamic behavior of HIPS 

material demonstrates its ductility [8, 9]. 

It was concluded that PS is brittle but the toughness is 

increased sufficiently when it is blended with rubbers. 

Rubber inclusions induce plastic deformation to the matrix 

which absorbs energy giving higher toughness and ductility 

to HIPS [9]. The stress strain curves and strain hardening 

rate curve of HIPS are shown in Fig. 3. 

 

Fig. 3. Static stress-strain and strain hardening curves for HIPS 

The stress-strain curves of HIPS under strain rate 

ranging from 0.001 to 100 s−1 are shown in Fig.4.  

 

Fig. 4. Stress-strain curves for HIPS material at strain rate range of 

0.001 to 100 s−1 [8] 
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Three deformation stages can be identified: stage-I as 

the elastic region corresponding to strain level of 0 – 0.02, 

stage-II as strain softening region with 30 % reduction in 

stress corresponding to strain level of 0.02 – 0.1 and stage- 

III as the strain hardening region corresponding to strain 

level of 0.1 up to the strain at final fracture [8]. 

Based on Fig. 3 and Fig. 4, it is inferred that the yield 

strength of the HIPS material is considered as 31 MPa. 

Some of the important mechanical and thermal properties of 

HIPS are given in Table 1. 

Table 1. General mechanical and thermal properties of HIPS 

[8, 10] 

Properties Values 

Density ρ 1040 kg/m3 

Young’s modulus E 1.9 GPa 

Poisson ratio ν 0.41 

Yield strength σy 31 MPa 

Thermal conductivity κ 0.3 W/m-K 

Coefficient of thermal expansion α 80 μm/m-K 

Specific heat Cp 1400 J/kg-K 

Spherical floats made of HIPS material were created 

using the Fused Deposition Modeling (FDM) additive 

manufacturing technique. This was accomplished by using 

an open-build Fabheads 1K FDM printer, as shown in 

Fig. 5. Among the various 3D printing processes, one of the 

most commonly used technologies is FDM. FDM extrudes 

a thin bead of plastic layer one at a time to make a part. A 

thread of plastic is fed into an extrusion head where it is 

heated into a semi-liquid state and extruded through a very 

small hole onto the support material or the previous layer of 

the plastic. The spherical float as a single piece can only be 

produced using FDM because using this method we can 

make a single spherical float without internal support 

material whereas in other additive manufacturing 

technologies we need to split up the components because of 

the internal support creation. The main advantages of this 

technology include a good variety of available materials, 

easy material change, low maintenance costs, quick 

production of thin parts, overall tolerance up to 0.1 mm, no 

need for supervision, very compact size and low 

temperature operation. 

 

Fig. 5. Schematic of open-build Fabheads 1K FDM printer 
[11] 

The disadvantages of using FDM include rough surface 

finish, slow processing speed and limitations on achievable 

dimensions, leading to quality issues and poor aesthetics. 

Additionally, when removing the supports from the 

components, blemishes may be formed. 

3. MATHEMATICAL MODEL 

Spherical pressure vessels can withstand very high-

pressure fluids. It has approximately twice the strength of a 

cylindrical pressure vessel with the same wall thickness 

[12]. The spherical pressure vessels however, are costlier to 

manufacture than cylindrical vessels. 

The yield pressure (Pyield) of a thick spherical pressure 

float is given by Zhang et. al, Eq. 1. 

𝑃𝑦𝑖𝑒𝑙𝑑 =
4𝑡𝜎𝑦

𝐷𝑚
, (1) 

where σy is the yield strength of a material; Dm is the mean 

diameter of the sphere, and t is the spherical shell thickness 

[13, 14]. As per the requirements, the float is designed to the 

specifications at a working depth of 500 m (~ 50 bar), with 

a safety factor of two. 

This results in a net external pressure on the float of 

10.06 MPa, with a seawater density of 1025 kg/m3. It is 

calculated that the minimum required thickness is ~ 19 mm. 

As a general rule, pressure vessels are considered to be 

thick-walled when the ratio of diameter (d) to wall thickness 

(t) is less than 20. The float was designed and shell thickness 

was calculated based on mathematical relations and 

fabricated using 3D printing FDM technology. The 

spherical float made by 3D printing was meant to have an 

inner diameter of 216 mm and a thickness of 19 mm. 

However, due to the manufacturing limitation of the 

process, the part also underwent a post-processing step to 

reach the desired final dimension. 

 

Fig. 6. Schematic representation of the spherical float with inner 

and outer radii manufactured by FDM process 

The stress field in the thick spherical shells is given by 

Eq. 2 and Eq. 3, where 𝜎𝑟 and 𝜎𝜃 are radial and tangential 

stresses respectively [13]: 

𝜎𝑟 =
𝐸

(1+𝜈)(1−2𝜈)
[(1 + 𝜈)𝐶1 − 2(1 − 2𝜈)

𝐶2

𝑟3]; (2) 

𝜎𝜃 =
𝐸

(1+𝜈)(1−2𝜈)
[(1 + 𝜈)𝐶1 + (1 − 2𝜈)

𝐶2

𝑟3]. (3) 

The boundary conditions for the outer pressure loading 

are as follows:  

At 𝑟 = 𝑎, 𝜎𝑟 = −𝑃; (4) 

At 𝑟 = 𝑏, 𝜎𝑟 = 0, (5) 

where a and b are the outer and inner radii of the sphere 

respectively as shown in Fig. 6. Also, P is the applied 

external pressure and on substitution of the prescribed 
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boundary condition Eq. 4 and Eq. 5 in Eq. 2 and Eq. 3, the 

constants 𝐶1 and 𝐶2 are obtained as follows: 

𝐶1 =
−𝑃𝑎3

𝐸(𝑎3−𝑏3)
(1 − 2𝜈);  (6) 

𝐶2 =
−𝑃𝑎3𝑏3

2𝐸(𝑎3−𝑏3)
(1 + 𝜈). (7) 

After substituting the values of 𝐶1 and 𝐶2 in Eq. 2 and 

Eq. 3, obtained the final radial and tangential stresses at the 

outer and inner surface as: 

At 

 𝑟 =  𝑎 

𝜎𝑟 = −𝑃 
 

(8) 

𝜎𝜃 = −
1

2

𝑃(2𝑎3 + 𝑏3)

(𝑎3 − 𝑏3)
 

   

At 

 𝑟 =  𝑏 

𝜎𝑟 = 0 
 

(9) 

𝜎𝜃 = −
3

2

𝑃𝑎3

(𝑎3 − 𝑏3)
 

As a result, the spherical floats will experience the 

following radial and tangential stresses Table 2. 

Von Mises yield criterion at the onset of yield is given 

as Eq. 10 [13] where, σv,m is the von Mises equivalent stress 

and σy is the yield stress. 

𝜎𝑣,𝑚 = 𝜎𝑦 = |𝜎𝑟 − 𝜎𝜃|. (10) 

Table 2. Radial and tangential stresses on the spherical float for 

the given external pressure of 10.06 MPa 

Radial stress 𝝈𝒓, MPa Tangential stress 𝝈𝜽, MPa 

Inner surface Outer Surface Inner surface Outer surface 
0 -10.06 -39.17 -34.14 

4. NUMERICAL MODEL 

The finite element method is a highly effective tool for 

conducting stress analysis on engineering structures. It 

enables us to closely approach the actual solution by 

incorporating real engineering problems into the analysis. 

Analytical models, which involve equations or formulas, are 

commonly employed to estimate the stress state in a 

structure. These models are derived from fundamental 

principles and assumptions. By comparing the analytical 

predictions with numerical simulation results, the accuracy 

and reliability of the analytical models can be verified. 

Discrepancies or deviations between the two sets of data can 

indicate the necessity for adjustments or enhancements to 

the analytical approach. 

To validate the proposed analytical solution, an 

axisymmetric finite element model of the spherical vessel is 

shown in Fig. 7 a was constructed in FEA software, 

ANSYS. Converged meshes of a total of 10560 elements 

were generated. The material properties and boundary 

conditions were implemented the same as the analytical 

model. Due to mechanical loading, the buoy components are 

experiencing a compressive stress state in the vessel wall 

and the minimum and maximum stress values of half model 

of the 2D axisymmetric sphere are shown in Fig. 7 b. This 

is the material response as the result of the inner wall of the 

vessel being subjected to higher pressure compared to the 

outer wall of the vessel. The Von Mises stresses are 

calculated and compared with the analytical solution as  

shown in Table 3. 

Substituting the values of radial and tangential stress 

from Table 2 in Eq. 10, the Von Mises stresses are 

calculated and the numerical results from ANSYS are 

shown in Table 3. 

Table 3. Comparison of analytical and numerical results 

Von Mises stress 𝜎𝑣,𝑚, 

MPa 

Analytical 

results 

Numerical 

results 

Inner surface 39.174 39.176 

Outer surface 24.091 24.089 

  

a b 

Fig. 7. a – 2D section of axisymmetric spheres; b – half model of  

the sphere showing minimum and maximum stress 

It is observed from the table, that the results obtained 

from both techniques are in accordance with each other, 

instilling confidence in progressing towards production. 

5. MANUFACTURING METHOD 

There are two types of FDM processes: filament-based 

and pellet-based. The float was printed using pellet 

technology with the Fabheads 1K machine Fig. 8. This 

technology allows for the rapid deposition of a large amount 

of material, making it suitable for large-scale 3D printing. 

Both the part and support material were built using the same 

material, utilizing a single extruder nozzle. The printer 

specifications and print settings can be found in Table 4 and 

Table 5 respectively. 

 

Fig. 8. FDM Printer FABHEAD-1K 
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Table 4. FDM Print specifications 

Specifications Details 

Build volume 1000 × 1000 × 1000 mm 

Nozzle diameter 4 mm 

Pellet diameter 2 – 3 mm granules 

Enclosure Top Open Enclosure 

Extruders 1 air cooled 

Max extruder temperature 500 °C 

Heated bed/max bed temperature 120 °C 

Bed material Tool aluminum 

Material format Pellets size < 4 mm 

Regarding post-processing, the following steps were 

undertaken: Firstly, supports were manually removed using 

tools such as a spatula, chisel, and cutter. Next, over-

projected and uneven surfaces, such as burrs and blobs, were 

smoothed out using sanding paper to achieve a polished 

finish. 

Table 5. FDM Print settings 

Settings Details 

Printing speed 70 mm/s 

Height of layer 2 mm 

Fill pattern Concentric 

Extrusion temperature 230 °C 

Print bed temperature 80 °C 

Infill percentage 100 % 

Support structure details Zig zag pattern (20% of density) 

Support material HIPS 

Build time 6 hours 36 minutes 

Coatings like gel coat, resin coat, and powders were 

then applied to enhance the aesthetics of the float. Finally, 

the float was painted with two coats of epoxy anti-corrosive 

primer pigmented with zinc phosphate, along with one top 

coat of acrylic polyurethane paint was applied to the 

external surface of the float. 

6. EXPERIMENTAL RESULTS 

The 3D printed float is shown in Fig. 9. Dimensional 

accuracy of the 3D printed spherical float is inspected by 

measuring the thickness [16] using TT100 Ultrasonic 

Thickness Gauge Fig. 10 a. The thickness of the spherical 

shell was found to be 19−0.2
+0.4mm. The theoretical mass of the 

float was calculated as 3.43 kg whereas the actual mass was 

measured as 3.6 kg. The difference in the mass value is due 

to the actual thickness of the float, which was not  constant 

throughout the entire diameter. The buoyancy of the float 

was 5.15 kg. 

Roundness of the 3D printed spherical float was 

measured using an vernier height gauge with a dial indicator 

Fig. 10 b and it was found to vary within a range of +0.8 mm 

and -0.4 mm of diameter, due to post processing and 

painting. 

A hyperbaric chamber is a device that simulates the 

underwater pressure environment with its pressure-resistant 

structure. NIOT has a hyperbaric test facility for testing 

underwater systems with external pressure up to 900 bar 

(~9000 m water depth). This facility is the first of its kind in 

India. A hyperbaric chamber is essential for the 

development of underwater equipment, as it enables the 

validation of deep-sea components in a more efficient and 

cost-effective manner than conducting actual tests in the 

deep sea. 

 

Fig. 9. 3D printed spherical float manufactured by FDM process 

  

a b 
 

Fig. 10. a – thickness measurement using TT100 Ultrasonic 

Thickness Gauge; b – roundness measurement of the float 

using Vernier Height Gauge with a dial indicator 

  

a b 

Fig. 11. a – hyperbaric test of the float; b – imploded 3D printed 

float after hyperbaric test 

The hyperbaric test for the 3D-printed float was 

conducted at NIOT, as depicted in Fig. 11 a. The pressure 

was gradually raised in 10-bar increments, starting from 1 

bar and reaching the design pressure of 100 bar. At each 

increment, the pressure was kept constant for two minutes, 

up to 40 bars. To verify that the required working pressure 

was achieved, the pressure was continuously maintained at 

50 bar for 15 minutes. Subsequently, the pressure was held 

constant for two minutes at each increment from 60 bar to 

90 bar. To ensure compliance with the design pressure 

requirement, the pressure was maintained at 100 bar for 

15 minutes. The pressure was then further increased to 

assess the float's maximum pressure resistance capacity. 

However, the float eventually imploded at a pressure of 



547 

 

102 bar (~1040 m water depth), as shown in Fig. 11 b. 

7. CONCLUSIONS 

The yielding of spherical floats under external pressure 

is discussed through analytical and numerical studies using 

ANSYS software. By applying external hydrostatic pressure 

to a spherical float, it was found that the yielding process 

begins at the inner surface of the sphere. Von-Mises stresses 

were calculated both analytically and numerically, and the 

results obtained from both methods were in good agreement. 

The float, made of HIPS material and manufactured using 

newer emerging technology like 3D printing with the FDM 

method, has a larger scope for improvement in underwater 

applications. It can be indigenized for further buoy 

components required to withstand high pressure ratings. 

This innovative concept will be expanded to include 

spherical shells of varying thicknesses under higher external 

pressures (corresponding to higher water column depths) for 

a variety of underwater applications such as buoyancy floats 

and instrument housings. 
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