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ABSTRACT OF THE THESIS 

 

Modification of Model Boat for Open Water Testing of Drag Reducing Surfaces 

 

by 

 

Christopher Mahlon Carter 

 

Master of Science in Mechanical Engineering 

University of California, Los Angeles, 2022 

Professor Chang-Jin Kim, Chair 

 

Superhydrophobic (SHPo) surfaces coated on the hulls of marine vessels are capable of passively 

producing drag reduction. This gives SHPo technology an exciting opportunity to dramatically 

reduce the fuel costs and pollutant emissions of large ships or increase the top speeds of racing 

boats. While the performance of SHPo surfaces in laminar flow is now well understood and 

predictable, their performance in turbulent conditions is still faced with lack of knowledges and 

many uncertainties. Furthermore, most experimental studies in turbulent flow have been conducted 

in laboratory conditions, which often produce over-optimistic results when compared to the open-
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water environment in the field conditions. This thesis creates a convenient method to test SHPo 

surfaces covering the hull of a watercraft in realistic conditions, by comparing the speeds of two 

identical model boats, whose hulls are attached with smooth or SHPo surfaces, under fully 

turbulent flows in the open water of a lake. With the molded SHPo samples the UCLA Micro & 

Nano Manufacturing Laboratory is developing in mind, this thesis aims to confirm that the boat 

operator can reliably drive the developed model boats at the same speed for a given throttle. At 

75% throttle, the two model boats both travel steadily at 1.9±0.2 m/s with Rex = (7.2±0.9)×105, 

yielding a speed difference of 0%. At 100% throttle, the two boats travel steadily at 10.3±0.2 m/s 

with Rex = (3.6±0.2)×106 and 10.5±0.2 m/s with Rex = (3.7±0.2)×106, yielding a speed difference 

of 2%. Additionally, this research takes the first steps of considering the real-world potential of 

SHPo drag reduction by estimating the cost and value of the molded SHPo surfaces as a 

commercial product. The return on investment (ROI) for implementing SHPo surfaces on a cargo 

ship hull is estimated to be between 338% and 562%, depending on the material used to fabricate 

the SHPo surfaces. 
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Chapter 1: Introduction and Motivation 

1.1 Motivation 

Superhydrophobic (SHPo) surfaces have been studied intensively for the last 20 years due 

to their ability to produce hydrodynamic drag reduction and protect surfaces from biofouling, 

corrosion, and icing [1]-[7]. SHPo surfaces capable of producing hydrodynamic drag reduction in 

turbulent flows are especially important, since drag reduction on marine vessels could dramatically 

reduce the fuel costs and pollutant emissions of watercraft [8]-[10]. SHPo surfaces can maintain 

their drag reducing properties passively, meaning that once SHPo surfaces are coated on the hull 

of a marine vessel, they can increase the vessel’s top speed and fuel-efficiency without requiring 

a continuous supply of energy or material to operate [8]. The performance of SHPo surfaces in 

laminar flow is well understood and predictable as of 2010, but their performance in turbulent 

conditions is not yet certain [8], [11]. This paper introduces a new method for SHPo surfaces to be 

tested in open-water, turbulent flows using small model boats. This paper also takes the first steps 

for assessing the future of SHPo surfaces as a commercial product, by estimating the return on 

investment (ROI) for coating SHPo surfaces on cargo ships and discussing the use of roll-to-roll 

(R2R) manufacturing to mass-manufacture SHPo surfaces. 

 

1.2 Defining a Superhydrophobic Surface 

A hydrophobic surface is a surface that repels water. By definition, a hydrophobic surface 

has a contact angle of water that is greater than 90 degrees. Conversely, a hydrophilic surface is a 

surface that is easily wetted by water and has a contact angle of water that is less than 90 degrees. 
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This contact angle is measured from within the liquid. It is produced by the energy balance at the 

triple point between the liquid-solid interface, liquid-gas interface, and solid-gas interface to create 

thermodynamic equilibrium [12]. This concept is illustrated in Figure 1.1. 

 

Figure 1.1: A water droplet in air on a hydrophobic solid surface has a contact angle θ larger than 

90 degrees. The contact angle is a product of the thermodynamic equilibrium of the three 

interfaces. There exists a homogenous liquid-solid interface between the water droplet and the 

solid surface. Figure modified from the graduate course Microsciences (UCLA MAE 281), 

courtesy of Professor CJ Kim. 

 

The contact angle θ of a water droplet on a smooth surface is given by the Young equation, 

shown in Equation 1.1, where γSG, γLS, and γLG are the surface tension of the solid-gas interface, 

liquid-solid interface, and liquid-gas interface, respectively. 

    cos SG LS

LG

 




−
=                                   (1.1) 
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Taking hydrophobicity even further, a superhydrophobic (SHPo) surface is a surface with a contact 

angle of water that is greater than 150 degrees and a small (e.g., smaller than 10 degrees) contact 

angle hysteresis or tilt angle. SHPo surfaces are fabricated by combining the inherent hydrophobic 

properties of certain materials (e.g., Teflon) with surface roughness [8]. Hence, a SHPo surface is 

created either by roughening the surface of a hydrophobic material or by coating a thin 

hydrophobic material onto a rough surface [3], [13], [14]. Surface roughness can come in different 

forms, such as random roughness, microscopic trench structures, or microscopic post structures, 

as illustrated in Figure 1.2. In contrast to a smooth surface, which only possesses an intrinsic 

contact angle, a rough surface has both an intrinsic contact angle θ and an apparent contact angle 

θ* [15]. The intrinsic contact angle is the contact angle measured along the physical surface of the 

surface’s likely non-planar roughness, at the microscopic view. The apparent contact angle is the 

contact angle measured at the macroscopic view along the seemingly flat surface of the rough 

surface. 
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Figure 1.2: (a) The microscopic post structures of a SHPo surface, made with various gas 

fractions (i.e., the top layer of the surface is 85% gas and 15% solid). (b) A SHPo surface with 

random roughness. (c) A SHPo surface made of microscopic trenches. Scale bar applies to all 

sections. Figure duplicated from [13]. 

 

If a surface is fully wetted by water, meaning that no gas exists in between the homogenous 

liquid-solid interface, then that surface is said to be in the Wenzel state [12]. If the surface is either 

partially wetted or not wetted, meaning that there is either a heterogeneous liquid-gas and liquid-

solid interface, or that there is a layer of gas in between the free surfaces of the liquid and solid, 

then the surface is said to be in the Cassie-Baxter state [16]. The Cassie-Baxter state is illustrated 

in Figure 1.3. 
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Figure 1.3: (a) A surface with random roughness in the Cassie-Baxter state with a heterogeneous 

liquid-gas and liquid-solid interface. (b) A surface with regular roughness (e.g., microscopic 

trenches or posts) in the Cassie-Baxter state with a heterogeneous liquid-gas and liquid-solid 

interface. Figure duplicated from the graduate course Microsciences (UCLA MAE 281), 

courtesy of Professor CJ Kim. 

 

1.3 Drag Reduction with SHPo Surfaces 

When immersed in water, a SHPo surface may passively trap a thin layer of gas, called a 

plastron, on its outer surface [8]. If the plastron is maintained, the SHPo surface exists in the 

Cassie-Baxter state while submerged. This plastron acts as a lubricating barrier between the solid 

SHPo surface and the water flowing across it [13]. While a liquid-solid interface possesses a no-

slip condition, the liquid-gas interface of the plastron possesses an effective slip that reduces skin 

friction drag [8]. The drag reduction caused by the SHPo surface is determined by the amount of 
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effective slip, which is dependent on the pitch of the microstructures of the surface roughness, the 

gas fraction of the heterogenous interface of the plastron, and the pattern type (e.g., trenches, posts, 

random roughness) [11]. The effective slip is described by a slip length δ that is obtained by 

extrapolating the slip velocity us below the SHPo surface, as is shown in Figure 1.4 [8]. In Navier's 

model of the slip boundary condition, the magnitude of the slip velocity us is proportional to both 

the magnitude of the shear rate ∂u/∂y experienced by the fluid at the wall (y = 0) and to the slip 

length δ, as is shown in Equation 1.2 [8], [17]. 

       
0

s

y

u
u

y


=


=


                    (1.2) 

 

 

Figure 1.4: Velocity distribution on a SHPo surface, showing a slip velocity us and an effective 

slip length δ. Figure adapted from [8]. 
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Smooth hydrophobic surfaces with no plastron are also capable of producing an effective 

slip, but the size of the slip length is too small to cause significant drag reduction in regular-sized 

flows [11]. Ideally, a flat hydrophobic surface would hold a uniform gas layer across its surface, 

as shown in Figure 1.5. For this uniform gas layer, the slip length can also be calculated using 

Equation 1.3, where H is the thickness of the gas layer, ηliquid and ηgas are the liquid and gas 

viscosities [11]. It is assumed that there is continuity of shear stress at the liquid–gas interface. 

   1
liquid

gas

H





 
= −  

 

                               (1.3) 

However, in reality, the uniform plastron on a flat surface would be sheared away by the water 

flow [11]. Instead, the plastron can be stably maintained within the microstructures of a SHPo 

surface. Whereas a uniform gas plastron has a homogenous liquid-gas interface with a slip 

condition present throughout the interface, the plastron maintained within the SHPo 

microstructures has a heterogenous liquid-gas and liquid-solid interface with certain locations 

possessing the no-slip condition, due to the top surfaces of the microstructures being exposed to 

the liquid (see Figure 1.5). This causes the slip length of the plastron in the micro-structured surface 

to be smaller than that of the theoretical uniform gas layer. Despite this fact, the drag reduction 

caused by the plastron in micro-structured surfaces was found to be large enough when compared 

to smooth surfaces to be of practical significance [1], [2], [11], [18]-[20]. 
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Figure 1.5: Effective slip modeled on (a) a flat hydrophobic surface with no plastron and 

negligible slip length, (b) a flat hydrophobic surface with a theoretical uniform plastron, and (c) a 

micro-structured SHPo surface with plastron existing within its surface roughness. Figure 

duplicated from [11]. 

 

For laminar flow experiments, drag reduction (DR) by a liquid slip in Couette flow can be 

calculated using Equation 1.4, where H is the gap distance between the slip surface (liquid-gas 

interface) and the opposing non-slip surface (liquid-solid interface) [11], [20]. 

      
1

1

DR
H



=
 
+ 

 

                    (1.4) 

The drag reduction of liquid slip in Poiseuille flow is shown in Equation 1.5 [1], [11], [20]. 

     
3

3

DR
H



=
 

+ 
 

                    (1.5) 

Note that a SHPo surface must have a large slip length to produce large drag reduction, meaning 

it must sustain its gas plastron. Having a hydrophobic contact angle is simply a necessary condition 
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to be capable of drag reduction. When a single water droplet rests atop a SHPo surface in the 

Cassie-Baxter state, the air residing within the microstructures or random roughness is exposed to 

the surrounding atmosphere, which provides an infinite supply of air and keeps the air under the 

droplet at atmospheric pressure. However, in the case of a SHPo surface being submerged 

underwater, the air supply within the microstructures is finite and the air plastron is compressed 

by the water. Consequently, the Cassie-Baxter state is fragile underwater. If the hydrostatic 

pressure is too large, the meniscus of the liquid-gas interface is deformed, and the plastron is 

squeezed into the microstructure. If the meniscus of the plastron within the microstructure is 

deformed enough to exceed the advancing contact angle of the sidewall, then water will penetrate 

the plastron and wet the SHPo surface [11], [21]. If the gas concentration of the surrounding water 

is too low, such that the partial pressure of the air saturated in the water is less than the air pressure 

of plastron, then air will diffuse from the plastron into the water, depleting the plastron over time 

[21]. As the plastron is deformed or depleted, the effective slip and drag reduction effect is reduced 

[11]. Additionally, since the water flow across the SHPo surface is not static in practical 

applications, the shear stress applied on the liquid-gas interface by the flowing water will drag the 

air in the plastron along with it [7]. This increases the air pressure at the downstream end of the 

microstructure, creating a pressure flux within the plastron, as shown in Figure 1.6. If either the 

upstream or downstream ends of the deformed plastron exceeds the advancing or receding contact 

angle of the sidewall, respectively, then the plastron is lost [7]. 

 



10 

 

 

Figure 1.6: Pressure flux created within the plastron as a result of the shear force of the external 

water flow. This phenomenon is known as the shear drainage effect. (a) Illustration of the 

deformation of the plastron and the air flow inside the plastron. (b) 2D profiles of the x-direction 

air flow inside plastron. Figure duplicated from [7]. 

 

1.4 Testing SHPo Surfaces in Laminar and Turbulent Flows 

 Initially, experimental studies of both regular structures (e.g., trenches, posts) and random 

roughness in laminar flows found inconsistent slip length results [1], [2], [11], [18], [20], [22]-

[51]. Some early literature studying structurally similar SHPo surfaces measured slip lengths that 

differed significantly from the results of other papers [11], [24], [28]. Ultimately, it was found that 
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the inconsistent results of these early papers were due to the fact that the depletion of the plastron 

on their tested SHPo surfaces was not closely monitored [8], [11].  

Since randomly structured surfaces are simpler to manufacture than regularly structured 

surfaces, they have been a popular choice in many experimental studies [11]. Unfortunately, a 

trend of deteriorating drag reduction over time is consistently reported throughout all experiments 

using randomly structured surfaces [11]. This is a result of random roughness surfaces’ inability 

to maintain their plastron long-term [8], [11], [21], [52]. Initially, the pitch between the locations 

at which the water pins to the top surface of the roughness microstructures is very large, yielding 

strong drag reduction. However, the pitch decreases over time as the plastron diminishes, as 

illustrated in Figure 1.7. Decreasing pitch leads to decreasing slip length and drag reduction, until 

both the plastron and any drag reduction are lost completely [11]. Successful drag reduction with 

random roughness has not been shown in any turbulent flow tests, ultimately showing that random 

roughness will very likely not work for real-world practical applications [8]. 
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Figure 1.7: Gradually depleting plastron on a random roughness SHPo surface causes pitch, and 

consequently drag reduction, to decrease over time. Figure duplicated from [11]. 

 

Many experimental studies have also been conducted on regularly structured SHPo 

surfaces (e.g., trenches, posts) [11]. Regularly structured SHPo surfaces are often manufactured 

using a photolithography process, such as the process flow shown in Figure 1.8 [52]. The 

consensus of the studies performed thus far is that for both laminar and turbulent flows, micro-

trenches that face longitudinally to the oncoming water flow are the most effective surface 

structure for producing slip length and drag reduction, when compared to transverse trenches, post 

structures, and random roughness [8], [11], [21]. In fact, longitudinal microtrenched SHPo surfaces 

of large slip lengths have been reported to cause drag reductions as much as 75% in turbulent 

boundary layer flows, tested in a water tunnel [53]. 
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Figure 1.8: Micro-fabrication process flow using deep reactive ion etching (DRIE) to create the 

micro-trenches of a regularly structured SHPo surface. Figure duplicated from [52]. 

 

 For laminar flow studies, the slip length can be obtained directly from the velocity profile, 

which is optically probed on a SHPo surface, or through indirect methods such as measuring the 

flow rate or shear stress [11]. While the effective slip and drag reduction of SHPo surfaces in 

laminar flows are relatively well understood now, the effective slip in turbulent flows is still 

uncertain [11]. In turbulent flow, there is a wide range of scales that affect the skin friction drag 

(such as the lack of a self-similar boundary layer, and the need to use analytically derived equations 

that are difficult to acquire) which make it difficult to establish a universal relation between the 

drag reduction and slip length of a SHPo surface [8]. Numerical studies of turbulent flows have 

shown definite drag reduction, but experimental studies have shown results ranging from 

significant drag reduction to negligible drag reduction, and even drag increase [8], [52], [54]-[57]. 

Currently, it is predicted that the cause of misleading turbulent flow studies is a depleted plastron, 

similar to the case with early laminar flow studies [8]. In fact, the plastron is even more fragile in 

turbulent flows than laminar flows, due to the increased shear stress, inertia, and pressure 

fluctuation of turbulent flows, especially at high Reynolds numbers [8], [58]-[60]. 

When it comes to measuring drag reduction in turbulent flow, the equations (e.g., Equation 

1.4, Equation 1.5) and measurement methods for laminar flow do not hold. Instead, shear stress is 

measured so that drag reduction can be acquired using empirical equations [52]. 
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Turbulent flow studies on SHPo drag reduction have predominantly used water tunnels as 

their measurement devices [13], [52]. However, the confined flow of water tunnels can lead to 

over-optimistic results, since the confined flow can quickly become supersaturated with air, 

causing a larger and more stable plastron than what would be experienced in open-water flow, 

which typically has undersaturated water [8], [13]. Consequently, some of the few studies that 

tested in the open-water flows of tow tanks reported a drag increase when using random roughness 

[13], [61]. Other experiments that were performed in open-water conditions tested SHPo surfaces 

by coating them on model boats [62]-[64]. However, the characteristic length of the model boats 

used in these studies were in the magnitude of centimeters, and they only traveled at low speed (< 

0.5 m/s), so they did not reach a high enough Reynolds number to achieve the turbulent flows of 

practical interest [52], [62]-[64]. Thankfully, new studies for turbulent flows performed at UCLA 

have developed a way to measure the drag reduction of SHPo samples in high-speed, open-water 

conditions by differentially measuring shear stress of a SHPo sample compared to that of a baseline 

non-SHPo smooth sample. These studies measure drag reduction by mounting a custom shear 

sensor underneath the hull of a 13-foot-long motorboat, which is driven at speeds of up to 6 m/s 

[52]. It is important to test SHPo surfaces in real marine environments, rather than only laboratory 

conditions, because real-world water contains pollutant chemicals, surfactants, and biofouling, 

which all adversely affect the health of the plastron. Encouragingly, these open-water studies have 

shown drag reduction of up to 30%, showing promise for the future of SHPo surfaces in real-

world, practical applications [8], [52]. 
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1.5 Financial Assessment of SHPo Surfaces 

On top of testing and improving newly developed SHPo samples, it is also important to 

study the economy of implementing SHPo surfaces as a commercial product in the future. When 

it comes to developing methods of mass-manufacturing SHPo surfaces, most of the procedures 

proposed thus far have been concerned only with producing random roughness structures [8], [65]-

[67]. However, some methods of mass-producing regularly structured SHPo surfaces have also 

been proposed, predominantly using hot embossing and roll-to-roll manufacturing [8], [68]-[72]. 

In this paper, the financial future of SHPo surfaces is investigated by making estimates for the cost 

of goods (COG) and return on investment (ROI) of SHPo surfaces on a typical cargo ship, using 

the limited information we have thus far regarding a business plan. 

 

1.6 Development of Model Boats to test SHPo Surfaces 

Unfortunately, the procedure for testing the drag reduction of SHPo samples on the 13-foot 

motorboat is both time-consuming and expensive. Additionally, only a single 4 cm by 7 cm SHPo 

sample is tested at a time, meaning that the sample only makes up a small percentage of the 

motorboat’s hull area. Hence, the SHPo surface does not ultimately impact the performance of the 

boat itself. It is a concern that once an entire vessel is coated with these slippery SHPo surfaces 

covered with plastron, the overall hydrodynamics and maneuverability of the vessel may be 

affected in ways that have not yet been considered [8]. In this paper, a new experimental process 

is introduced that uses small model boats to test SHPo samples in high-speed, open-water 

conditions. This way, newly developed SHPo samples can be tested conveniently and affordably. 
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If the SHPo samples show promise of beneficial drag reduction on the small model boats, the 

samples can then be taken to the motorboat shear-sensor test to acquire accurate drag reduction 

data. This model boat approach also allows the SHPo surfaces to showcase their drag-reducing 

benefits by affecting the top speed performance of the boats. While other experiments using small 

model boats were only able to test in speeds of up to 0.5 m/s, the model boats used in this study 

are capable of reaching top speeds of roughly 10 m/s [62]-[64]. Additionally, while other model 

boat experiments used boats or submarines that were at most about 1 foot long, the boats used in 

this study have a characteristic length of roughly 18 inches [62]-[64]. The samples are tested in 

turbulent flow with a Reynolds number of roughly Rex = 3.6×106, which is a Reynolds number 

that is high enough to be applicable to real-world engineering purposes. 
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Chapter 2: The Benefits and Costs of Implementing Superhydrophobic Drag 

Reduction 

2.1 Market Analysis 

2.1.1 Motivation 

To assess the profitability of micro-trenched SHPo surfaces as a commercial product, it is 

necessary to calculate an estimated return on investment (ROI) for the application of SHPo 

surfaces. For initial cost estimates during the early development of a business strategy, the unit 

costs of the product are more critical to consider than the fixed costs. The dominating unit costs in 

calculating the cost of goods (COG) of SHPo surfaces are material costs, manufacturing costs, and 

installation costs. 

2.1.2 Benefit of Drag Reduction in Cargo Shipping 

SHPo technology can provide substantial value in nearly any industry involving watercraft, 

due to its ability to passively reduce frictional hydrodynamic drag [8]. The shipping container 

industry is one of the largest industries in the world, bringing in billions of dollars of revenue every 

year, yet also spending significant amounts of money on fuel-oil. AP Moller-Maersk, one of the 

largest shipping companies in the world, brings in roughly $30 billion of revenue annually but 

spends nearly $4 billion on fuel-oil [73], [74]. Hence, roughly 13% of annual revenue is lost on 

fuel-oil costs. Additionally, the shipping industry as a whole accounts for 3.1% of the annual global 

CO2 emissions, 7% of annual global NOx emissions, and 4% of annual global SOx emissions [9], 

[75]. This provides drag reducing SHPo surfaces an exciting opportunity to significantly lower the 

operating costs and pollutant emissions of cargo ships. 
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2.1.3 Fuel Savings by SHPo Drag Reduction on Cargo Ships 

On average, a containership consumes 26,000 metric tons of fuel-oil annually [9]. During 

operation, frictional drag of water flows accounts for 60%–70% of the total drag on the hull of a 

cargo ship [75]. The SHPo surfaces manufactured by the UCLA Micro & Nano Manufacturing 

Laboratory have achieved drag reduction of 30% in an actual marine environment at the high 

Reynolds numbers of practical interest [52]. Expecting the overall drag reduction to be lower in 

practice, a conservative estimate of 15% reduction of friction drag will be used. Hence, the 

application of SHPo surfaces onto a cargo ship hull can reduce total drag on a cargo ship by around 

10%, which would reduce the amount of fuel-oil used by a cargo ship by about 2,500 metric tons 

annually. The price of marine fuel-oil fluctuates over time, and it is difficult to predict its future 

price. The fuel-oil most commonly used by containerships since 2020, called VLSFO, has cost 

$600 per metric ton on average since January 2020 [76]-[80]. Hence, the reduction of fuel-oil 

consumption by a typical cargo ship due to drag reducing SHPo surfaces can save roughly $1.4 

million annually. 

2.1.4 Estimating the Wetted Surface Area of a Typical Cargo Ship  

To estimate the cost of applying SHPo on a cargo ship, it is first necessary to estimate the 

amount of SHPo surfaces need to coat its hull. The most common class of container ship by number 

is the Handysize bulk carrier, a medium sized container ship with a carrying capacity of up to 

40,000 deadweight tonnage (DWT) [81], [82]. In 2015, Handysize vessels made up 71% of all 

bulk carriers above 10,000 DWT, owing their popularity to their ability to access a wide range of 

ports all around the world [83]. While specific Handysize-class vessels have varying dimensions, 

an upper-limit estimate of a Handysize’s length, beam, and draft are 150 meters, 20 meters, and 
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10 meters, respectively [83]-[85]. Due to the complex geometry of container ship hulls and the 

fact that different vessels within the same class have varying dimensions, calculating the wetted 

surface area of the average container ship relies on estimations. For a very rough estimate of the 

wetted surface area of a container ship, Equation 2.1 can be used 

      ( )A L B d= +                     (2.1) 

where A is wetted surface area, L is the overall length of the vessel, B is the vessel’s beam, and d 

is the vessel’s draft [86], [87]. For an estimation of wetted surface area that better accounts for the 

hull curvature, bow bulb, and other geometric parameters of cargo ship hulls, Equation 2.2 can be 

used 
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          (2.2) 

where CM is midship coefficient, CB is blocking coefficient, CWP is waterplane coefficient, and ABT 

is bulb area percentage [88]. Estimates for the coefficients and bulb area percentages for different 

vessel types are acquired from the data published by The Society of Naval Architects and Marine 

Engineers [88], [89]. Utilizing Equation 2.1 and Equation 2.2 to calculate the wetted surface area 

of a Handysize containership results in estimates of 4500m2 or 3880m2, respectively. The larger 

estimate of 4500m2 is used for this cost analysis to ensure a conservative estimate for the ROI of 

SHPo surfaces. 
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2.1.5 Material Costs of trench SHPo Films 

Although the trench SHPo samples developed for the experiments so far have been made 

on silicon wafers for scientific studies, silicon SHPo surfaces would be prohibitively expensive for 

adoption in practice [52, 53, 90]. When SHPo surfaces are applied to watercraft commercially, 

they will likely need to be fabricated by a mass manufacturing method using a flexible material. 

While the best choice for such a material is still being investigated, the most desirable materials 

are low-cost, flexible, durable, and inherently hydrophobic. The promising options under 

consideration include Teflon (PTFE), fluoroacrylate polymer, and polydimethylsiloxane (PDMS), 

with Formlabs Flexible 80A Resin as a specific material used in the UCLA Micro & Nano 

Manufacturing Laboratory. After reaching out to many suppliers for the bulk-order prices of these 

chemicals, the estimate costs have been acquired and are reported in Table 2.1. The 

communications with suppliers regarding pricing are collected in the Appendix section. 

Table 2.1: Bulk Order prices of possible choices for flexible SHPo substrate materials. More 

information regarding bulk-order costs is available in the Appendix.  

Chemical Name Price ($/gallon) 

PDMS 69.18 

PTFE 80.89 

80A Resin 527.31 

Fluoroacrylate 532.71 
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 It is assumed that the type of SHPo surfaces applied to cargo ship hulls will be micro-

trenched SHPo surfaces, since this type of structure has been shown to be the most effective at 

producing beneficial drag reduction thus far [8], [11], [21], [53]. While the exact dimensions of 

these micro-trenches vary from study to study, the dimensions of the micro-trenched SHPo 

surfaces currently fabricated at the UCLA Micro & Nano Manufacturing Laboratory follow the 

dimensions shown in Figure 2.1. Increasing the pitch and gas fraction of the trenches produces a 

larger slip length, but results in a plastron that is more easily lost. A pitch of 100 μm and gas 

fraction of 90% have been found to offer a good balance between drag reduction and plastron 

stability. The substrate thickness of 300 μm is chosen because a larger thickness increases 

manufacturing costs, but a substrate that is too thin will tear during the demolding step. Samples 

are currently fabricated to be 4 cm by 7 cm to fit the shear sensor of the laboratory’s current drag 

reduction testing method [52]. When mass-produced, the same SHPo trench structure can be 

extrapolated beyond a 4 cm by 7 cm area. In reality, the edges of the trenches will be closed off to 

retain the plastron, but for now it is assumed that a unit area of the larger SHPo surface will follow 

the structure shown in Figure 2.1. Hence, a 1 m2 unit area of the vessel’s hull would be covered 

with the micro-trench SHPo surface made from 3.09×10-4 m3 (or 0.0816 gallons) worth of volume 

of a raw material. 
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Figure 2.1: Diagram of SHPo micro-trench structures that illustrates the dimensions of the 

trenches, which have a trench pitch of 100 μm, trench depth of 90 μm, and a trench width of 90 

μm. The bottom layer of the substrate is 300 μm thick. 

 

2.1.6 Cost of Roll-to-Roll Manufacturing to Produce Trench SHPo Films 

The large cargo vessels used in the shipping industry require a dauntingly large area of 

their hulls to be covered with SHPo surfaces. While it is evident that the commercial applications 

of SHPo technology involve hull surfaces in the magnitude of tens to thousands of square meters, 

the size of the SHPo samples manufactured for current experiments are merely in the magnitude 
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of square centimeters. A promising method that may be used to bring SHPo surfaces to high-

volume production is the roll-to-roll (R2R) manufacturing method [66], [68], [69]. The process of 

R2R manufacturing works by continuously coating and patterning a material onto a flexible 

substrate film, where the substrate film is fed through a roller-based processing line [91]. Some of 

the rollers in the processing line are wrapped with the substrate film and drive the film through the 

assembly process. Either slot dies or additional rollers act as patterned molds that are filled with 

resin, which apply the resin onto the substrate film as the film passes through the processing line 

[92]. Utilizing the R2R manufacturing method, SHPo surfaces can be mass manufactured on a 

wrapped film, which can then be applied to a ship’s hull. A diagram illustrating an anticipated 

method of using R2R manufacturing to create films of micro-trenched SHPo surfaces is shown in 

Figure 2.2. SHPo microstructures will be cured atop a backing film, with an acrylate pressure 

sensitive adhesive and a release liner applied to the other side of the backing film. It is estimated 

that the backing film/liner and adhesive will cost roughly $32.27/m2 and $111.18/gal, respectively 

[93], [94]. On a relatively smooth surface, one gallon of adhesive can cover roughly 30 m2 [95]. 
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Figure 2.2: Anticipated MEMS-based roll-to-roll manufacturing method to create micro-trenched 

SHPo surfaces. Figure courtesy of Tracy Liu of the UCLA Micro & Nano Manufacturing 

Laboratory. 

 

The R2R manufacturing method has already been successfully used to rapidly manufacture 

riblet film, which shows promise for mass-manufacturing of SHPo surfaces by R2R 

manufacturing. Riblet film is similar to micro-trenched SHPo surfaces in that it uses micro-

structured grooves that are patterned onto a substrate film to create passive drag reduction [96]. 

The German research institute Fraunhofer IFAM has designed and prototyped a R2R 

manufacturing device which applies a UV-curing lacquer to a substrate and cures the lacquer in 

the shape of a riblet microstructure, all in one single process [97]-[99]. The Fraunhofer IFAM 

riblet device is shown in Figure 2.3. 
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Figure 2.3: (a) Side-view diagram of Fraunhofer IFAM riblet embossing and curing device 

showing how various components of the device function. (b) The Fraunhofer IFAM riblet device 

mounted to a robot arm. (c) The Fraunhofer IFAM riblet device applies riblets to a surface with 

its mercury vapor lamp turned on. Figure 2.3a duplicated from [97]. Figure 2.3b and Figure 2.3c 

duplicated from [98]. 

 

The device is operated by using a slot nozzle to pour the UV-curing lacquer onto a 

transparent silicone film that is rolled about the guide rollers. The silicone film is the mold, 

possessing the negative microstructure of the riblets. After being wetted with lacquer, the silicone 
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film is rolled over the substrate surface, as the foam guide rollers press the lacquer against the 

substrate. With the lacquer compressed against the substrate and shaped into the three-dimensional 

riblet structure by the silicon mold, a mercury vapor lamp cures the lacquer from above, hardening 

and adhering the riblets onto the substrate. The motion of the device is continuous and can apply 

riblets at a speed of 1.5 m/min [99]. SEM images of the produced riblets are shown in Figure 2.4. 

 

Figure 2.4: Riblets fabricated by the Fraunhofer IFAM roll-to-roll manufacturing device. Figure 

duplicated from [98]. 

 

To make estimates for the manufacturing costs of SHPo surfaces, it is assumed that the 

micro-trenched SHPo surfaces made for cargo ships in the future will be mass-manufactured using 
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a R2R machine or process line similar to those in Figure 2.2 or Figure 2.3. The power consumption 

of a R2R manufacturing machine is estimated to be 86 kW [100]. Since the cost of electricity in 

the state of California is roughly $0.20/kWh [101], the R2R manufacturing machine would cost 

$17.20/hour to run. Based on the speed of the Fraunhofer R2R machine (see Figure 2.3), it is 

estimated that the R2R process will print one-meter-wide rolls at a rate of 1.5 m/min, for a surface 

area production rate of 1.5 m2/min [99]. Hence, for the 4500 m2 estimated wetted surface area of 

the Handysize vessel, the R2R machine would need to run for 50 hours to manufacture SHPo 

surfaces for the full 4500 m2 of hull area. It is assumed that 5 employees will operate the 

manufacturing facility and will be paid a wage of $60 per hour.  

 

2.1.7 Installation Costs of SHPo Films on Cargo Ships 

Installing SHPo surfaces onto the vessel’s hull requires the work of boat painters or film 

applicators. Although it is difficult to determine exactly how many man-hours are required to 

complete the task, it is estimated that applying the SHPo surface onto a cargo ship will take roughly 

2000 man-hours, based on the timeline of similar cargo ship hull painting and hull-repair projects 

[102]-[104]. The hourly wage of a SHPo product installer would likely be similar to the wage of a 

boat painter or vehicle wrap installer, who are paid an average hourly wage of $18.64 per hour or 

$26 per hour, respectively [105], [106]. A safe estimate of $30 per hour is used to calculate the 

wrap installers’ wages for applying SHPo surfaces to the containership hull. To apply the SHPo 

film to the boat’s hull, the ship must be taken into dry dock, in which the vessel is taken out of the 

water so parts of the ship that are typically underwater can be accessed. The cost of drydocking 

varies on the dock’s location and the vessel’s length. Based on the drydocking costs of ports in the 
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United States and United Kingdom with cargo ship repair capabilities, it is estimated that the cost 

of drydocking a typical Handymax vessel is at most $10,000 per day [107]-[109]. Note that this 

cost estimate is merely for parking the vessel in dry dock and does not include the cost of boat 

repair. Assuming the amount of time to apply SHPo surfaces to the cargo ship is similar to the 

timeline of a hull repair project, it is estimated that the vessel will need to stay in dry dock for 

seven days [103]. 

 

2.1.8 Administrative Costs of SHPo Films on a Cargo Ship 

When a company sells SHPo films as a product, the company will need to make a profit 

margin to generate discretionary income and to cover administrative, transportation, and sales 

representative costs [110]. According to a report from New York University on the profit margins 

of U.S. companies, the average gross profit margin of companies in the shipbuilding and marine 

industry is 30.68% [111]. The gross profit margin can be used to calculate the total revenue that 

must be generated by a company from their sales, using Equation 2.3. 

        
Cost of Goods

Net Revenue
1  Gross Profit Margin

=
−

                  (2.3) 

The net revenue earned from the sale of the product equals the product cost that is charged to the 

consumer, minus taxes, which is assumed to be 10% for boat purchases in the United States [112]. 
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2.1.9 ROI of SHPo Drag Reduction on a Cargo Ship 

 The SHPo films on a cargo ship must be removed and replaced when the ship is brought 

into drydock for mandatory hull inspection and maintenance. Drydock hull inspections occur twice 

every five years, as is mandated by the United States Code of Federal Regulations regarding cargo 

vessels [113]. Extrapolating the estimated fuel-oil cost savings of a cargo ship ($1.4 million 

annually), SHPo surfaces save roughly $3.5 million in fuel-oil costs every 2.5 years. Using all of 

the assumptions and estimations that have been established thus far, the ROI of applying SHPo 

surfaces onto a Handysize vessel with a wetted surface area of 4500 m2 is estimated for the cost of 

different substrate materials and summarized in Table 2.2. The ROI of applying SHPo surfaces to 

a typical cargo ship is estimated to be roughly 338% to 562%, depending on the substrate material 

used. 
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Table 2.2: Cost estimates for a typical container ship, assuming the trench SHPo surfaces are 

applied to a wetted surface area of 4500 m2 and fabricated using either fluoroacrylate, PDMS, 

PTFE, or 80A Resin. (a) Cost of Goods, (b) Product Cost, and (c) Return on Investment.  

 

(a) 

 

 

(b) 
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(c) 

 

2.1.10 SHPo Drag Reduction on Racing Vessels 

 SHPo technology also has an opportunity to make its debut into the market on a smaller 

scale. In competitive boat races, known as regattas, a few seconds difference may decide victory 

from defeat, and the drag reduction offered by SHPo surfaces could position itself as a decisive 

factor. Olympic regattas (rowing and sailing) typically have guidelines preventing unorthodox or 

excessive modifications of the boats, meaning SHPo technology would need to fight an uphill 

battle to appeal to policy makers [114], [115]. Competitive regattas outside of the Olympics, such 

as powerboat, hydroplane, and yacht racing, typically have more lenient restrictions against hull 

modifications and could be an entry point for SHPo technology [116]. In 1987, 3M collaborated 

with the U.S. yacht racing team to coat the bottom of the Stars & Stripes racing yacht with a micro-

structured, drag-reducing riblet film that helped the team to win the America’s Cup yacht race 

[117]. 3M experimented with their drag-reduction riblet film again in 2010, partnering with BMW 

Oracle Racing to coat a racing vessel with riblet film in the 33rd America’s Cup [118]. 

Unfortunately, riblet film or any performance-enhancing technology has since been banned in the 

Americas Cup [115]. Nevertheless, the use of riblet film to help the Stars & Stripes and BMW 
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Oracle Racing achieve victory shows that drag reducing films can be a useful tool for significantly 

increasing the speeds of watercraft. 

Cigarette boats, part of the powerboat racing family, cost roughly $500,000 for a typical 

42 ft-long boat [119]-[121]. With a length of 42 ft, beam of 8 ft, and draft of 3 ft, the approximate 

wetted surface area of the cigarette boat, using Equation 2.1, is 460 ft2 [122]. The dry-docking cost 

for recreational boats is less expensive than that of cargo ships. It is approximated that the dry-

docking cost is $5.00 per foot per day, or $210 per day for the 42 ft cigarette boat [123]. It is 

estimated that two experienced film wrappers could finish the job in one day, based on the 

experience of a drag-reducing boat film called Finsulate, which is also applied to the hull as an 

adhesive-backed film in a similar method to how SHPo surfaces are expected to be applied [124]. 

Hence, it is approximated that the cost of applying SHPo surfaces to the cigarette boat is roughly 

$6,000 to $8,000 depending on the substrate material used, as summarized in Table 2.3. This means 

the cost of applying SHPo surfaces to the cigarette boat is roughly 1.5% of the total cost of the 

boat.  

 

 

 

 

 

 



33 

 

Table 2.3: Cost estimates for a 42 ft-long cigarette boat, assuming the trench SHPo surfaces are 

applied to a wetted surface area of 460 ft2 (or 43 m2) and fabricated using either fluoroacrylate, 

PDMS, PTFE, or 80A Resin. (a) Cost of goods and (b) Product cost.  

 

(a) 

 

(b) 
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The drag reduction of SHPo surfaces will increase the top speed of the vessel because they 

will reduce the hull’s coefficient of drag CD. The relationship between CD and hull speed U is 

shown in Equation 2.4, where ρ is fluid density, A is wetted surface area, and D is drag force. 

                                    21

2
DD AU C=                                (2.4) 

As mentioned before, SHPo surfaces have been reported to offer 30% skin friction drag reduction 

in a real-world marine environment [52]. The shape of cigarette boat hulls is simpler and more 

easily covered with SHPo surfaces than the complex hulls of cargo ships. SHPo surfaces will likely 

be coated on roughly 80% of the wetted surface of the planing boat, so it is estimated that overall 

drag reduction will be roughly 25% in practice. A paper from Korea Institute of Ocean Science & 

Technology and Seoul National University studied planing vessels with V-shaped hulls in a towing 

tank. Their measured results showed that skin friction drag accounts for roughly 50%–70% of the 

total drag on planing vessels travelling at high speeds (faster than 45 knots) [125]. Hence, it is 

approximated that the application of SHPo surfaces onto a V-shaped cigarette boat can reduce CD 

by 12.5%. Using a free body diagram of the forces acting on the planing boat, shown in Figure 

2.5, it is assumed that the thrust force T and drag force D are related via Equation 2.5. 

                                     cos( )D T =                       (2.5) 

It is assumed that thrust T of the speedboat’s motor at full throttle is constant and will be the same 

before and after SHPo surfaces are applied to the vessel. It is also assumed that the changes in trim 

angle α and wetted surface A are negligible before and after SHPo surfaces are applied and the 

vessel’s top speed increases. Following these assumptions, the total drag force D experienced by 
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the speedboat is the same before and after the SHPo surfaces are applied. The percent increase of 

the vessel’s top speed is derived in Equation 2.6 
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where Do, ρo, Ao, Uo, and CD,o are the drag force, fluid density, wetted area, speed, and coefficient 

of drag all before SHPo surfaces are applied, respectively. Similarly, Df, ρf, Af, Uf, and CD,f are the 

drag force, fluid density, wetted area, speed, and coefficient of drag all after SHPo surfaces are 

applied, respectively. Hence, applying SHPo films to the cigarette boat’s hull offers an estimated 

7% increase in top speed while costing only roughly 1.5% of the total cost of the boat as estimated 

above. 
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Figure 2.5: Free body diagram of a planing vessel, using the information in [126]. T is 

thrust force, D is drag force, α is trim angle, and ΣFY is the sum of the vertical forces, composed 

of the hydrodynamic lift force and the weight force. U is the velocity of the boat. The hull of the 

boat is shown in gray lines, and the free surface of water is shown in a blue line. 

 

2.2 Existing Products Competing with SHPo Drag Reduction 

2.2.1 Copper Antifouling Coatings 

The most common technique of reducing drag on marine vessels is anti-fouling coating. 

This is since biofouling, such as barnacles and algae, commonly attach to boat hulls. The 

biofouling increases the weight of the vessel and adversely affects the hydrodynamic performance 

of the hull, causing a drag increase of up to 60% [127]. Anti-fouling products function by coating 

the wetted surface area of the boat hull with a material that inhibits the organisms’ ability to attach 

to the hull surface. The most popular type of anti-fouling coating is the copper-based ablative 

coating [128]. Copper-based ablative coatings create a layer of toxic copper paint on the wetted 

surface area of the hull, poisoning biofouling that tries to attach to the hull [129]. The copper paint 

also gradually peels away in the water, causing any stubborn biofouling attached to the hull to lose 
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its grip and float away. The peeling anti-fouling paint reveals another layer of toxic paint beneath 

it, until the paint runs out and must be replaced via re-painting. The longevity of the copper paint 

is roughly two to three years [130]. The primary concern with copper-based ablative coatings is 

that the biocide is leaked off the boat’s hull and into the seawater at rates as high as 25−65 μg of 

Cu per cm2 per day, poisoning the natural marine environment [131]. The Suez Bay transit area 

sees 35 tons of copper polluted into its seawater every year due to antifouling marine coatings, 

accounting for 83% of the total copper polluted into the Suez Bay [87]. This causes certain areas 

of the Suez Bay to exceed the safe limit of copper levels, which is 3.1 µg of dissolved copper per 

liter of seawater [87]. Research by the United States environmental protection agency has found 

copper levels as high as 8.0 µg/L in San Diego Bay and 29.0 µg/L in Newport Bay [87]. While 

non-copper antifouling paints exist, it has been found that some non-copper alternatives might also 

be just as harmful as the copper paints [128]. SHPo surfaces show promise of having non-toxic 

anti-fouling properties, which would mean that SHPo technology could become an 

environmentally friendly alternative to copper antifouling coatings [5]. 

 

2.2.2 Non-Toxic Antifouling Paint 

Due to the harm that copper-based paints pose to the environment, non-toxic antifouling 

paints are being studied and developed [87], [128], [131]. The operating principle of non-toxic 

antifouling paints is that the chemical composition of the paint reduces the adhesion strength of 

the biofouling, causing them to have a weak grip to the hull’s surface and ultimately detach from 

the hull without harm [132], [133]. Non-toxic alternatives include paints fabricated with silicone, 

fluoropolymer, epoxy, or Teflon (PTFE) [128], [134]-[136]. However, of the non-toxic 
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alternatives developed thus far, some studies claim that silicone-based paint is the only option that 

is effective enough to compete with toxic antifouling paints [133], [134]. A popular non-toxic paint 

brand, named Intersleek, makes antifouling paint products composed of silicone or fluoropolymer 

[137]. Intersleek has already been applied in over 5000 marine applications since its creation in 

1996, displaying the potential for non-toxic alternative paints to supplement copper-based paints. 

[137]. Certain paints using fluoropolymer-modified silicone nanocomposites, such as Intersleek, 

claim to combine the antifouling properties of both hydrophilic and hydrophobic surfaces to 

enhance their antifouling effectiveness, dubbing themselves as amphiphilic [133], [137]. However, 

most silicone-based paints gradually dissolve silicone into the marine environment over time 

[128], [134], [138]. While the silicone is not considered a biocide, the leaching of this chemical 

into the seawater casts uncertainty over the claims that the paint is truly ecologically friendly [138]. 

To counter this, the company SeaCoat has created the first hard silicone-based antifouling paint, 

called SeaSpeed [139], [140]. The extremely hard surface of SeaSpeed’s chemistry prevents the 

silicone from seeping into the environment [139], [140]. Nevertheless, studies have found that 

silicone-based paint is only partially effective against biofouling, since it is susceptible to the 

adhesion of biofilm and most effective only against larger bio-organisms [134], [135]. 

  

2.2.3 Antifouling with Finsulate 

Much like how SHPo surfaces hope to become an eco-friendly alternative to toxic ablative 

coatings, a product called Finsulate prevents biofouling in a unique way. Finsulate mimics the 

design of sea urchin spines to make it difficult for biofouling to attach to the hull’s surface [141]. 

The Finsulate product is an adhesive film that is applied to the wetted surface area of the boat hull, 
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in which the film has been coated with nylon fibers that are 3 mm long, 50 µm thick, and have a 

density of 40 fibers/mm2 [142]. A schematic describing the Finsulate film is shown in Figure 2.6. 

Finsulate film is fabricated using roll-to-roll manufacturing. Specifically, Finsulate uses the 

method of electrostatic flocking to adhere the nylon fibers to the adhesive-backed film [142]. The 

electrostatic flocking manufacturing process is described in Figure 2.7. 

 

(a)  

(b)   
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(c)   

Figure 2.6: (a) 2D diagram describing the Finsulate film, based on Finsulate’s patent information 

[142]. (b) Side view close-up image of the Finsulate film. (c) Finsulate wrapped film. Figure 

2.6b duplicated from [143]. Figure 2.6c duplicated from [144]. 

 

(a)  
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(b)  

Figure 2.7: (a) Diagram portraying how R2R manufacturing fabricates an adhesive-backed film. 

(b) Method in which electrostatic flocking adheres the fibers, also called flock, to the film. 

Figure 2.7a duplicated from [145]. Figure 2.7b duplicated from [146]. 

 

The founder of Finsulate, Rik Breur, estimates that the cost of applying Finsulate wrap to 

a typical 40 ft boat would be €3,000, which is comparable to the estimated cost of applying SHPo 

surfaces to a 40 ft boat (see Table 2.3) [147]. The commercial success of Finsulate shows promise 

for the adoption of SHPo surfaces into the market of boat coatings. Finsulate’s successful use of 

R2R manufacturing to fabricate their product also shows that it is feasible that a similar 

manufacturing method could be used to mass-produce SHPo surfaces. Micro-trenched SHPo 

surfaces also hold an advantage over the Finsulate product. Finsulate prevents the form drag that 

a boat would experience if it were to be covered in biofouling. However, when studying the effect 

of Finsulate on a high-speed planing vessel with no biofouling, it was found that Finsulate’s 3 mm 

fibers caused a 20% decrease in max speed due to increased skin-friction drag caused by the fibers 

[147]. Finsulate does offer a 1 mm-long-fiber variant of Finsulate film for high-speed planing 

vessels, which only decreases the top speed by 1%, but has slightly less effective biofouling 
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prevention [144], [147]. However, Finsulate does not offer any overall drag reduction aside from 

preventing drag from biofouling that would otherwise be attached to the hull. SHPo surfaces, on 

the other hand, may not only prevent the drag that would be caused by biofouling, but also 

inherently reduce the friction drag on the hull by 30% due to its micro-structures [52]. Hence, 

SHPo surfaces are positioned to become a more effective drag-reducing product than Finsulate. 
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Chapter 3: Development of Model Boats to Test Drag Reduction with Small 

Samples of Film 

3.1 Model Boat Testing Procedure 

3.1.1 Motivation 

This thesis aims to create a testing procedure to rapidly and conveniently test the drag 

reduction caused by small (several centimeters) surface samples in turbulent open-water 

conditions. This procedure will be used to test samples of flexible SHPo film that will be fabricated 

by the UCLA Micro & Nano Manufacturing Laboratory in the future. The current manufacturing 

methods used by the UCLA Micro & Nano Manufacturing Laboratory to fabricate the SHPo film 

samples have a low throughput. Hence, the size of the boat used in this study must be relatively 

small, such that only several samples are needed to cover a significant portion of a boat hull’s 

wetted surface area. However, the boat should be large and fast enough to reach fully turbulent 

flows, which the previous small boat studies failed to achieve [62]-[64]. Covering a large portion 

of the hull with SHPo samples will affect the bulk hydrodynamic performance of the vessel, which 

is something that has not been extensively studied in the literature yet. The testing procedure must 

be convenient so that newly developed SHPo samples can be tested without requiring excessive 

amounts of time and money. Should the SHPo samples show promise of beneficial drag reduction, 

the samples will be tested further in a procedure developed at UCLA that utilizes a shear 

comparator mounted underneath a passenger motorboat [52]. In the model boat procedure of this 

paper, the presence of beneficial (positive) SHPo drag reduction is tested by comparing a model 

boat that is outfitted with SHPo samples to an identical model boat outfitted with smooth samples. 

If the boat with SHPo samples travels at a higher top speed during steady planing than the boat 
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with smooth samples, it is inferred that the SHPo samples produce positive drag reduction. The 

fabrication and testing of newly developed SHPo samples is left to future studies; this paper simply 

establishes the testing procedure and demonstrates that the identical model boats travel at the same 

steady speed. 

 

3.1.2 Fabricating Testing Boats 

Remote-controlled (RC) boats are chosen as the vessels upon which to test the SHPo 

samples in this experimental procedure. RC boats fit the size and convenience requirements and 

allow testing to take place in natural, open-water conditions. The tests are performed at Lake 

Balboa in the San Fernando Valley, which is the closest natural body of water to UCLA that 

welcomes RC boating. Tests are performed early in the morning when wind speed is low, and the 

lake water is effectively stagnant. The model of RC boat used in this study is the Pro Boat 

Blackjack 24” catamaran RC boat, shown in Figure 3.1. 
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Figure 3.1: Pro Boat Blackjack 24” RC boat before modifications from the (a) isometric view, 

(b) side view, and (c) bottom view. 

 

It is important that when surface samples are attached to the model boat, the outer surfaces 

of the samples are flush with the outer surface of the hull. Otherwise, a pressure drag would be 

generated by the samples’ side edges that face the oncoming flow. This would interfere with the 

boundary layer across the samples and adversely affect the hydrodynamic performance of the hull. 

To allow for the samples to be adhered in a manner that makes them flush with the outer surface 

of the hull, a holder plate is designed using CAD software and fabricated via 3D-printing. The 
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holder plate possesses a recess in which to hold the samples, as shown in Figure 3.2. To 

accommodate for the small size of the build plate of the 3D printer, the holder plate is manufactured 

in three separate components with aligner features that ensure that the components are flush when 

they are fit together. The holder plate components are adhered to each other and to the RC boat 

hull with epoxy resin. The front of the holder plate has curved geometry that matches the curve of 

the front of the model boat’s hull. This was achieved by importing a side-view image of the model 

boat into CAD software and using splines to trace the image, as shown in Figure 3.3. 

 

   (a)              (b) 

 

           (c)          (d) 
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Figure 3.2: CAD model of holder plate showing isometric views looking at (a) the top surface of 

the plate and (b) the bottom surface of the plate with the recess. Images of the finished, 3D-

printed holder plate are also shown in isometric views looking at the (c) top surface and (d) 

bottom surface. 

 

 

Figure 3.3: (a) Splines in CAD software mapping the curve of the front of the model boat’s hull. 

(b) 3D-printed plate matching the curve of the RC boat hull. 

 

Samples are adhered to the holder plate using double-sided PET tape, so that the samples 

can be removed and replaced after an experiment. This allows the testing procedure to be repeated 

with newly developed samples that have different features, such as different micro-structure 

pitches, gas fractions, a new substrate material, or a new manufacturing method. It is assumed that 

the SHPo surfaces made in the future will be 1 mm thick. The recess in the center of the holder 

plate is designed so that the top surfaces of the attached samples are flush with the outer-facing 

surface of the plate, accounting for the 1 mm thickness of the samples and the 0.14 mm thickness 
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of the adhesive tape. The recess holds eight 4 cm by 7 cm samples, in the manner illustrated in 

Figure 3.4. 

 

Figure 3.4: CAD model of holder plate with eight 4 cm by 7 cm samples inserted into its recess. 

 

The holder plate components are fabricated with Nylon 12 powder using a Formlabs Fuse 

1 selective laser sintering (SLS) 3D printer at the UCLA Lux Lab. SLS printing was chosen 

because of its high part resolution and accuracy. When prototypes were made of ABS or PLA 

material using a Prusa i3 MK3S fused deposition modeling (FDM) 3D printer at the UCLA 

Makerspace, the resulting printed parts were slightly warped, causing misalignment and exposed 

gaps when the parts were attached to the model boat’s hull, as shown in Figure 3.5. Fused Nylon 

12 material possesses a water absorption coefficient of 0.66%, and exposure to water for one hour 

would lead to a weight gain of 0.1% [148]. If the holder plates were to absorb water, it would 

inhibit the adhesion of the double-sided tape securing the samples to the boat. To seal the outer 

layer of the Nylon 12 components and prevent any water absorption, the Nylon 12 plates are 
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sprayed with Rustoleum NeverWet, as shown in Figure 3.6. The recess of the holder plate is not 

sprayed with NeverWet, since the NeverWet coating would inhibit the ability of the double-sided 

tape to adhere to the recess’s surface. 

 

Figure 3.5: When printing the holder plate components using FDM 3D-printing, the warped 

shape of the component exposes gaps in the new hull design, as highlighted by the green circles. 

Hence, the high resolution of SLS printing needed to be used instead. 



50 

 

 

Figure 3.6: Spray-coating the Nylon 12 holder plates with NeverWet spray. The recess of the 

holder plate is covered so that it is not coated with NeverWet. 

 

 The holder plate components are adhered to each other and to the RC boat hull with epoxy 

resin. The Part 1 and Part 2 components of the epoxy are mixed in a ratio that is predetermined by 

the manufacturer, and the ratio is properly dispensed by one single pump of each epoxy container. 

Approximately 1 gram of adhesive filler is added to the epoxy resin during its pot life to improve 

the adhesion properties of the resin once it cures. The three components of the epoxy resin are 

shown in Figure 3.7. The components of the holder plate are adhered inside the gap of the 

catamaran hull of the RC boat using the epoxy resin, as illustrated in Figure 3.8. Note that as a 
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consequence of this modification, the boat is converted from a catamaran hull to a flat monohull. 

Once the epoxy resin cures, the gaps between the edges of the holder plate components and the 

RC boat hull are filled with 3M marine-grade sealant to protect the epoxy resin from eroding over 

time from contact with water. This is achieved by covering the surface of the hull with masking 

tape, exposing only the gaps between the hull and the holder plate. Then 3M marine-grade sealant 

is applied to the hull and pressed into the gaps with a painting knife. The process of applying the 

marine sealant to the boats is displayed in Figure 3.9. When the SHPo surfaces to be tested are 

fabricated in the future, and the recess would be covered with these samples, preventing water 

from contacting the recess’s surface. The boat without SHPo surfaces will have mock-up non-

SHPo smooth samples placed in the recess, which have the same dimensions as the SHPo surfaces 

but not have drag reduction effects. For now, the recess is water-proofed by covering its surface 

with the double-sided tape and leaving the tape’s outer-facing plastic liner attached, as shown in 

Figure 3.10. 

 

Figure 3.7: The Part 1, Part 2, and Adhesive Filler components of the epoxy resin. 
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Figure 3.8: The RC boats with holder plates attached are shown from the (a) front view and (b) 

back view. The plates are adhered to the hull with epoxy resin. 
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Figure 3.9: 3M marine-grade sealant is applied to the small gaps between the edges of the plate 

components and the hull. (a) Masking tape is used to cover the surface of the hull, exposing only 

the gaps. Then, sealant is coated atop the surface and spread into the gaps. (b) Once the sealant 

has cured, the tape is removed, leaving only the sealant that has cured inside the gaps. 
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Figure 3.10: The double-sided tape with its orange plastic liner covers the recess, preventing 

water from permeating into the surface of the uncoated portion of the Nylon 12 sample holder 

plate. 

 

The RC boats are driven by a water-cooled 2000 Kv brushless motor and 30 A LiPo-

compatible electronic speed controller (ESC). The boats are each powered by a single 5200 mAh 

80C 3-S battery, which delivers 12.6 V to the motor at full charge. As a LiPo battery discharges, 

the amount of supplied voltage gradually decreases [149]. To ensure that both boats are powered 

at the same voltage level, the 3-S batteries are fully charged to 12.6 V with a smart charger before 

testing and replaced with a new fully charged battery after only a couple runs. The boats are 

controlled by the Spektrum STX 2.4 GHz FHSS radio system that consists of a handheld pistol-
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grip transmitter and an on-board receiver that is connected to the ESC. The electronic components 

that drive the RC boats are shown in Figure 3.11. 

 

Figure 3.11: Electronic components of the RC boat, where (a) shows the components on-board 

the boat and (b) shows the handheld pistol grip transmitter. 

 

The speed of each of the model boats is measured by a SkyRC GSM-015 GPS speedometer. 

The GPS device records latitude, longitude, altitude, and timestamps at a refresh rate of 1 Hz. Boat 

speed is calculated between datapoints by converting the latitude, longitude, and altitude data to 

cartesian vector coordinates. It is assumed that the earth is shaped as a perfect sphere, so the dot 

product and arc length equations can be used to calculate distance traveled between the vector 

coordinates. Speed is calculated by dividing the distance traveled by the time between the two data 
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points. These calculations are automated with a MATLAB script that is converted into a Microsoft 

Excel add-in. The GPS speedometers are put into a sealed plastic bags for waterproofing and taped 

to the roof of each of the RC boat’s cabins, as shown in Figure 3.12. 

 

Figure 3.12: (a) The SkyRC GSM-015 speedometer. (b) GPS speedometers are secured to the 

roof of each of the RC boats to measure speed data during the test trials.  

 

 GPS devices possess error due to several factors [150]. Error may be caused because the 

GPS satellites’ position and time data sent to the speedometer may have errors itself. The signal 

sent to the speedometer is also delayed as it experiences refraction when passing through the 

earth’s atmosphere. The GPS signal experiences multi-path interference error if the signal is 

obstructed by objects around the GPS speedometer, such as tall buildings or trees. Error may also 

be caused by electronics errors inside the GPS speedometer itself. To calculate the error of the 
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GPS devices used in this paper, the speedometers were placed in an open area of Lake Balboa and 

left stationary for one hour. Despite being left untouched for one hour, each of the GPS devices 

measured a peak speed of 0.164 m/s. Hence, the speed data of the GPS speedometer has an error 

of ±0.2 m/s. 

 

3.1.3 Proving Drag Reduction with Differential Velocities 

The existence of beneficial drag reduction is proven by comparing the velocity of the model 

boat with SHPo samples to the velocity of the identical RC boat with smooth samples. The samples 

are applied to fill the recess made on the hull surface of the boat. To measure comparable 

velocities, the boats must have equal thrusts. Hence, the boats are driven with the same motors, 

ESCs, batteries, and throttle settings. The tests must also be performed in the same ambient wind, 

water flow, and temperature conditions. To ensure that these conditions are met, the two model 

boats are run one after the other when recording speed data. 

By studying the free body diagrams of a boat in motion, it can be shown that if the boat 

with SHPo samples travels at a faster top speed than the boat with smooth samples, it can be 

inferred that the SHPo samples cause beneficial drag reduction. The drag reduction of SHPo 

surfaces affect the model boat’s speed because they change the hull’s coefficient of drag CD. The 

relationship between CD, hull speed U, and drag force D was given in Equation 2.4. If the test boats 

are traveling at a speed that is slow enough relative to the wetted length of their hull, such that the 

wavelength of the transverse waves generated by the vessel are shorter than the vessel’s wetted 

length, then the boat acts as a displacement hull [151], [152]. A displacement hull is held up by 
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buoyancy, as illustrated in the free body diagram shown in Figure 3.13. Here FB is buoyancy force, 

D is drag force, T is thrust force, Fg is the weight force, and U is the relative velocity of the water. 

The speed data that will be analyzed occurs when the boats are traveling steadily at constant 

velocities, so the net force is zero. As can be deduced from Figure 3.13, the horizontal force 

balance implies that the drag force D and thrust force T must be equal, as shown in Equation 3.1. 

            D T=                      (3.1) 

 

Figure 3.13: Free body diagram of a displacement-hull boat. T is thrust force, D is drag force, FB 

is buoyancy force, and Fg is weight force. U is the velocity of the boat. The hull of the boat is 

shown in gray lines, and the free surface of water is shown in blue lines. 

 

However, the model boats must travel at high-speed to achieve a Reynolds Number of Rex 

> 3×106 and experience fully turbulent flow conditions [153]. At high speed, the model boats act 

as planing hulls rather than displacement hulls. A boat acts as a planing hull if it is traveling at a 

fast enough speed such that the wavelength of the generated transverse waves is larger than the 
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boat’s wetted length, which causes the boat to rise above the crest of its bow wave [151], [152]. A 

planing hull glides on top of the water and is held up by the lift created by its thrust force. Refer 

to Figure 2.5 for the free body diagram of a planing boat, and Equation 2.5 for the horizontal force 

balance of the planing hull. It is assumed that the trim angle α and wetted surface area A change 

by a negligible amount when the boat is steadily planing at a certain speed compared to another. 

Based on the assumptions made, Equations 2.5 and 3.1 show that if the two model boats have the 

same thrust, they also have the same drag, assuming both boats are planing or both are acting as 

displacement hulls. If both model boats have the same D, ρ, and A, then Equation 2.4 infers that 

the ratio of the speeds of the boats is directly proportional to the square root of the ratio of the drag 

coefficients of the boats’ hulls, where the difference in drag coefficients is caused by the SHPo 

surfaces, as was shown in Equation 2.6. 

 

3.1.4 Using Dual-Rate Adjustments to Set the Throttle Limit 

In case the two RC boats are not truly identical, due to discrepancies during manufacturing 

and drifts over time, the dual-rate throttle adjustments of each boat’s RC transmitter may be fine-

tuned to ensure equal thrust. Dual rate throttle adjustment scales the range of the possible throttle 

inputs, so that the maximum throttle value can be adjusted. Hence, the transmitters can be tuned 

such that applying maximum throttle input on the handheld pistol grips of each boat results in the 

same amount of thrust being applied to both boats during a test. The model boats used in this thesis 

did not  have noticeable discrepancies when measuring their top speed, so the dual-rate throttle 

adjustment knob of each boat was left at 100%. The remotes also possess a throttle limiter switch 

that performs the same function as the throttle adjustment knob, but with digital settings instead 
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of analog settings. Speed tests were performed when the throttle limiter switch was set to 75% and 

to 100%, to study the boat at low speed and high speed. The handheld transmitter is shown in 

Figure 3.14. 

 

Figure 3.14: Top view of the handheld pistol-grip RC transmitter, showing the dual rate throttle 

adjustment knob and the throttle limiter switch. 

 

3.2 Discussion of Results 

Before SHPo samples can be studied with this experimental procedure, it must be proven 

that the two boats reliably travel at the same speed when the boats are traveling steadily with equal 

throttle inputs. To prove this, the two model boats created for this procedure are taken to Lake 
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Balboa and their speeds are measured for equal throttle inputs. During each test run, the triggers 

of the pistol grip transmitters are squeezed fully, the dual-rate throttle adjustment knobs are set to 

100%, and the throttle limiter switches are set to the same setting. Tests are performed when both 

the throttle limiter switches are set to 75% and when they are set to 100%. At 75% throttle limit, 

the RC boats did not move fast enough to begin planing, so they traveled as displacement hulls. 

The results of the displacement hull tests are shown in Figure 3.15. 
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Figure 3.15: Speed tests performed at low speed (75% throttle limit) such that the model boats 

behave as displacement hulls. Note that the GPS device has an error of ±0.2 m/s. 

 

 For the speed tests at 75% throttle limit, the boats were run in a straight line for roughly 20 

seconds at steady state speed in five different trials. Boat 1 and Boat 2 both had an average steady 

speed of 1.9±0.2 m/s. By studying an image of the boats at traveling 75% throttle in ImageJ 

software, the wetted length of the boat is determined. As can be seen in Figure 3.16, ImageJ 

analysis concluded that the wetted length of the model boat at 75% throttle is approximately 

19.5±0.5 inches. The margin of error is caused by the fact that the wetted length fluctuates as the 

boat travels over ripples on the lake water’s surface. 

 

Figure 3.16: An image of the model boat traveling at 75% throttle, such that it acts as a 

displacement hull. This image is uploaded to ImageJ software to determine visually (i.e., via 

pixel count) that the wetted length is approximately 19.5±0.5 inches. 
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 The Reynolds number Rex of the flow is calculated using Equation 3.2, where ρ is the 

water’s density, μ is the water’s dynamic viscosity, U is hull speed, and L is the wetted length of 

the model boat. 

                 Rex

U L



 
=                                (3.2) 

It is assumed that the lake water is fresh water at 10°C, where ρ is 999.7 kg/m3 and μ is 1.308×10-

3 kg∙m-1∙s-1. At a hull speed of 1.9±0.2 m/s and wetted length of 19.5±0.5 inches, Equation 3.2 

yields a Reynold’s number of Rex = (7.2±0.9)×105. Assuming the wetted surface of the hull is 

modelled as a flat plate, this Reynold number means the boat is experiencing transitional flow, 

since 5×105 < Rex < 3×106 [153].  

To make the model boats experience fully turbulent flow, the boats must be driven at 100% 

throttle, such that the boats move fast enough to begin planing. The results of the planing hull tests 

are shown in Figure 3.17. 
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Figure 3.17: Speed tests performed at high speed (100% throttle limit) such that the model boats 

behave as planing hulls. Note that the GPS device has an error of ±0.2 m/s. 

 

 For 100% throttle limit tests, the boats were run in a straight line for roughly 10 seconds at 

steady planing speed in five different trials. The durations of tests were limited to 10 seconds of 

steady planing, since after that time the boats are too far away for the boat driver to see, making 

them difficult to steer safely. Boat 1 and Boat 2 reached steady state speeds of 10.3±0.2 m/s and 
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10.5±0.2 m/s, respectively, yielding a percent difference of 2%. The small difference in speeds 

between the boats are due to the fact that the boats are more significantly disturbed by ripples on 

the lake’s surface when planing, making it difficult to record perfectly steady trials. As can be seen 

in Figure 3.18, ImageJ analysis concluded that the wetted length of the model boat when planing 

at 100% throttle is approximately 18.0±0.5 inches. 

 

Figure 3.18: An image of the model boat traveling at 100% throttle, such that it acts as a planing 

hull. This image is uploaded to ImageJ software to determine visually (i.e., via pixel count) that 

the wetted length is approximately 18.0±0.5 inches. 

 

 At a hull speed of 10.3±0.2 m/s and wetted length of 18.0±0.5 inches, Equation 3.2 yields 

a Reynold’s number of Rex = (3.6±0.2)×106. At a hull speed of 10.5±0.2 m/s, Equation 3.2 yields 

a Reynold’s number of Rex = (3.7±0.2)×106. Assuming the wetted surface of the hull is modelled 

as a flat plate, this Reynold number infers that the boat is experiencing turbulent flow, since Rex > 

3×106. Hence, it is shown that this experimental procedure can be used to test SHPo samples in 
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turbulent, open-water conditions to study the effect of SHPo drag reduction on the overall 

performance of marine vessels. 
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Chapter 4: Conclusion 

4.1 Overview 

SHPo surfaces are an important emerging technology due to their potential ability to 

passively produce drag reduction on marine vessels, which would reduce fuel costs and pollutant 

emissions. The cargo shipping industry is a promising opportunity for SHPo surfaces to find 

financial success as a commercial product, since these large ships each use thousands of metric 

tons of fuel every year to complete their busy schedules. By making predictions for the methods 

and costs of manufacturing and selling SHPo surfaces, it is estimated that the ROI of applying 

SHPo surfaces on a typical cargo ship for a 2.5-year lifespan is between 338% and 562%, 

depending on which material is used to fabricate the surfaces. SHPo surfaces may also provide 

tremendous value to speedboats, since the drag reduction produced by SHPo surfaces would 

increase these vessels’ top speed. It is estimated that SHPo surfaces can increase the top speed of 

a luxury powerboat by 7%, while only costing roughly 1.5% of the total price of purchasing the 

boat. SHPo surfaces may also become an environmentally friendly alternative to toxic antifouling 

paint, although the effectiveness of SHPo surfaces’ anti-fouling properties in practical conditions 

is yet to be proven unequivocally. 

While the drag reduction of SHPo surfaces has been studied extensively in laminar flows, 

a better understanding of SHPo drag reduction in turbulent flows has only been achieved in the 

last few years. Additionally, most of the turbulent flow studies conducted so far have been in water 

tunnels, which often produce misleading, over-optimistic results. This paper devises a new 

procedure for testing SHPo surfaces in a natural body of water and turbulent flow conditions, by 

comparing the speed of a modified model boat with SHPo surfaces to an identical model boat 



70 

 

without them. When testing in turbulent flow conditions with a Reynolds number of approximately 

Rex = (3.6±0.2)×106, the two model boats fabricated for this testing procedure have an average 

steady speed of 10.3±0.2 m/s and 10.5±0.2 m/s, yielding a percent difference of only 2%. In 

transitional flow conditions with Rex = (7.2±0.9)×105, both of the two model boats fabricated for 

this testing procedure have an average steady speed of 1.9±0.2 m/s, yielding a percent difference 

of 0%. 

 

4.2 Future Work 

The model boat testing procedure introduced in this paper is intended to be used to test 

SHPo film samples that will be fabricated in the future. These samples will likely be made with 

PDMS, PTFE, fluoroacrylate polymer, or 80A Resin, because these materials are low-cost, 

flexible, and have inherent hydrophobic material properties. The effect of these substrate materials 

on drag reduction has not yet been studied. The samples will likely be produced using a 

photolithographically fabricated metal mold, which has the negative microstructure of the SHPo 

microstructure. This model boat testing procedure can then be used to study the drag reduction of 

these film samples, so that the SHPo samples made during the development of R2R process can 

be tested quickly for pre-screening before using a larger boat. 
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Appendix 

The estimate bulk order pricing of polydimethylsiloxane (PDMS, CAS# 63148-62-9) was 

found to be $19,885.49 per 2204.6 pounds of PDMS, from the website of Applied Material 

Solutions [154]. PDMS has a density of 0.919 grams per cm3, so the unit price of PDMS is $69.18 

per gallon. The bulk-order pricing of 80A Resin, fluoroacrylate, and Teflon (PTFE) were acquired 

by reaching out to suppliers for a price estimate. The communications with these suppliers are 

shown in Figures A.1, A.2, and A.3. The price of 80A resin from the company Source Graphics is 

$199.00 per liter before shipping. For bulk orders of more than 600 liters the price is discounted 

by 30%. Hence, the price of 80A Resin is $139.30 per liter, or $527.31 per gallon. The price of 

fluoroacrylate from the company Cytonix is $78.18 per pound. Their product is called FluorAcryl 

3298, which is a UV-curable fluoroacrylate oligomer with a density of approximately 1.8 pounds 

per liter. Hence, the price of 80A Resin is $532.71 per gallon. The price of Teflon (PTFE) powder 

from the company Fluorogistx is $19.78 per pound. Their Teflon 7AX product has a density of 

460 grams per liter, so the unit price is $75.92 per gallon. 
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(a)  

(b)  
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(c)  

Figure A.1: Price information for the 80A Resin. (a) Email communication with a sales 

representative from Source Graphics providing the bulk-order discounts. (b) The bulk order 

discounts that were provided. (c) Order of a small quantity of 80A Resin, showing that the 

standard price is $199.00 per liter. 
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Figure A.2: Price information for the fluoroacrylate polymer from a sales representative from 

Cytonix. The bulk-order price of their FluorAcryl 3298 product is $79.19 per pound. 
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Figure A.3: Price information for Teflon PTFE from a sales representative from Flurogistx. The 

bulk-order price of their Teflon 7AX PTFE product is $19.78 per pound. 
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