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I. Executive Summary 
 

The IEEE Solar Splash competition is an international intercollegiate boat regatta where 

teams design and build solar powered boats to compete in a series of events. The competition is 

composed of a slalom event, designed to test maneuverability, an endurance event, designed to 

test efficiency, and a sprint event, designed to test maximum power. There is also a qualifying 

event further testing both maneuverability and power, as well as a technical report and poster 

presentation. There is a maximum 1000 point total for all events and the team with the most 

points is declared the winner. 

The 2016 TCNJ Solar Splash Team is reverse engineering the 2015 team designs with the 

goal of being highly competitive throughout the entirety of the competition. The team is 

improving the longitudinal weight distribution from the previous stern-heavy craft in both 

configurations.  

The location of the endurance motor will be redesigned to minimize the moment 

distribution at the stern during sprint configuration. In addition, the endurance shaft connection 

will be redesigned to an angled and offset connection, allowing the endurance propeller to align 

proportionally with the steering rudders.  

To increase the level of anticipated success in the drivetrain, the current student 

fabricated propeller will be replaced with a professionally manufactured propeller to remove 

uncertainty in sprint configuration.   

The steering rudders will be reconstructed to a hydro airfoil cross-sectional design, 

allowing the steering system to incorporate hydrodynamic capabilities. Hydro rudders will 

provide more effective maneuverability and reduce drag forces.  

The boat’s electrical system will build on prior team's electrical systems to reduce the 

amount of components needed, and utilize the necessary components more 

effectively.  Following the redesign of the electrical system, will be extensive testing to avoid any 

uncertainty in the system during competition.   

In the final phase of the electrical system design, a real time data acquisition telemetry 

system will be implemented to allow for constant and consistent data review during competition 

to increase the team’s chances of success. 
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II. Overall Project Objectives  
 
The Solar Splash competition is a five-day event in Dayton, Ohio, in which college teams 

from different parts of the world come together to compete with their solar/electric watercraft. 

Previous years’ designs were reviewed to make improvements and design changes where 

necessary. In the past, TCNJ teams (with a few exceptions) have been less effective in the sprint 

competition. This seems to have largely resulted from issues with cavitation. This caused a large 

loss of efficiency and prevented the boat from achieving its maximum theoretical speed. 

Additionally, the longitudinal weight distribution of the craft has led to complications in 

the mechanical designs. The most previous team incorporated a surface drive design that added a 

significant load to the stern. This requires making modifications to the locations of certain 

systems of larger masses.  

Another complication in years past has been the efficiency of the steering system. The 

previous designs incorporated a simplistic cable steering system with a T-bell crank design, 

incorporating twin rudders. However, in years past, these rudders have provided little 

hydrodynamic capabilities.  

The 2015 team designed and manufactured a new, competitive boat to meet the following 

objectives: 
 

Hull Design 

1. Design hull to be efficient in sprint and endurance competitions 

2. Design for lightweight hull 

3. Ensure easy configuration changes between events 

Steering System 

1. Improve maneuverability with new hydrodynamic airfoil design 

2. Provide stability for the driver in sprint configuration going at high speeds 

3. Achieve a 30° range of motion 

Drivetrain 

1. Design a modular drivetrain setup to maximize performance across all competition 

2. The endurance system must deliver a speed of 500 RPM at the propeller 

3. The sprint system must deliver a propeller speed of 4266 RPM 

Propeller 

1. Surface piercing design to achieve maximum efficiency when craft is at an angle of 

inclination of 0° 

2. Assure manufacturing efficiency by purchasing professionally designed prop 

Electrical System 

1. Design a motor controller system to maximize the efficiency 

2. Integrate the solar panels into the system to power the boat in the endurance race 

Telemetry  
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1. Provide real time data for the solar array voltage & current, battery voltage & current, 

and propeller RPM 

III. Solar System Design 
 
The solar system array consists of two unmodified SCHOTT 240 Watt solar panels. The 

solar panels will be fixed to the hull with one near the bow and one behind the driver. Each of the 

2 solar panels weigh 41.4 lbs for a total solar array weight of 82.8 lbs. and will be positioned such 

that the weight of the solar panels will offset the weight of the surface drive and drivetrain to 

make the boat level with the waterline during the endurance event. In past competitions, TCNJ 

has created a frame out of 80-20 aluminum rails to hold the solar panels between events that 

allows for easy repositioning of the panels for battery charging. The frame is on wheels, which 

allows the panels to be easily repositioned on the ground, and can be rotated up or down to align 

with the sun. The team will be reusing this framework from last year’s boat to quickly charge the 

batteries between events.The technical data regarding the solar panels is located in Appendix I. 

Last year’s boat to quickly charge the batteries between events. The technical data 

regarding the solar panels is located in Appendix I. 

IV. Electrical system 

1. System Configurations 

The complete electrical schematic as seen in Fig. 1 is relatively similar to last year’s 

electrical system design, with the addition of two SPST relays and one SPDT relay.  Having two 

main electrical mode configurations – sprint and endurance – the electrical panel was designed so 

as to require minimal team alterations in between competition events, less changing the battery 

arrays.  To do so, the configurations were designed so as to utilize as many concurrent 

components amongst each other.  Both the endurance and sprint configurations utilize bypass 

sub-modes in order to bypass the motor controller(s) at a certain point for competitive advantage.  

Wiring for the sprint and sprint bypass configurations utilized 1/0 AWG welding cable as where 

the endurance and endurance bypass configurations only required #4 AWG wire. Not visible in 

the schematic below, the two additional SPST solenoids were installed so that the flow of current 

to the endurance and sprint drivetrain could be controlled from the helm of the craft.  The 

additional SPDT solenoid was integrated into the design so that the positive and negative lead of 

each MPPT could be isolated from each other. 
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Fig. 1: Electrical Schematic 

2. Motor Controllers  

2.1 Design 

Last year’s electrical system implemented two Alltrax AXE4855 motor controllers, 

however due to electrical malfunctions, one of them became damaged to the point of it being 

irreparable.  Fortunately, there were an additional pair of Curtis 1221b controllers available for 

use.  These controllers were chosen for the electrical system design because of their ability to 

meet our financial and performance needs.  During the sprint portion, both controllers are active, 

but the endurance configuration only uses one of the controllers. 

2.2 Analysis of Design 

Multiple design alternatives to solve the issue at hand were looked into, however by view 

of table 1, it becomes clear that few alternatives to the Curtis controllers were worthy of 

consideration. 
Table 1: Design Alternatives 

 
 
The available pair of Curtis controllers, had better performance specifications that all but one of 

the possible replacement controllers, came at a cost of nothing, and met the craft’s design 

constraints with ease.   

Curtis Intruments 1221B-48xx 24-36 600 600 250 $0.00

Curtis Intruments 1205M-46xx 24-36 500 550 175 $590.00

Alltrax Inc. AXE4855 24-48 500 500 250 $669.00

Alltrax Inc. AXE4865 24-48 650 650 250 $674.00

Price                        

(per controller)
Manufacturer

Amp Rating 1 Hr. 

Later

Nominal Battery 

Voltage

2 min. Rating            

Amps
Model

Current Limit             

(5 sec. boost)



8 

 

2.3 Design Testing and Evaluation 

Both of the two Curtis 1221b controllers worked as intended during preliminary testing in 

the fall semester as well as during competition testing in April.  Capable of handling 800 amps, 

the controllers also allow for the sprint bypass configuration to be used without fear of damaging 

the controllers again. 

V. Power Electronics System 

1. Current Design 

For the sprint configuration, original power system utilized 2 sets of batteries connected 

in parallel, with each set of batteries composed of three Odyssey PC680 batteries connected in 

series for a 36V array.  As where the endurance configuration implemented two Interstate MTP-

93 batteries connected in series for a 24V array.  Both battery arrays did not exceed to 100 lb. 

weight limit. The endurance battery selection did not change from last year as the batteries were 

never used due to electrical system issues that prevented the team from competing.  However, the 

sprint battery array was changed to 3 Optima 25 Red Top batteries connected in series.  The 

parameters surround these decisions can be seen in tables 2 and 3. 

 
Table 2: Parameters for Sprint Battery Options 

 
 

Table 3: Parameters for Endurance Battery Options 

 
 

2. Analysis of Design Concepts 

From the Fig.s, it can be seen that the decision to replace the endurance batteries could 

not be justified from a cost benefit analysis.  However, the decision to alter the sprint battery 

configuration garnered an additional 70 Amps, which translates to an additional 12 kW from the 

array. 

 

 

Odyssey PC680 12 280 15.4 $0.00 

Odyssey PC625 12 340 13.2 $111.50

Optima 25 Red Top 12 910 31.7 $169.99

Manufacturer Model Volts
Cranking 

Amps

Weight 

(lbs.)

Cost 

(USD)

Manufacturer Model
Amp Hours Per Battery 

(20 Ah)

Per Unit MCA 

(Amps)

Per Unit 

Voltage (Volts)

Per Unit 

Weight (lbs)

Per Unit 

Cost
Array Ah

Array 

Weight

Array 

Cost

Interstate MTP-93 90 850 12 42.9 $0.00 180.00 85.80 $0.00

Trojan SCS150 100 650 12 50 $142.63 200.00 100.00 $285.26

Interstate MTP-49/H8 100 910 12 50 $191.95 200.00 100.00 $383.90
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3. Design Testing and Evaluation 

At this moment in time the newly purchased Optima sprint batteries have not been 

received by the team, so the evaluation of the decision is not able to be completed at this point in 

time.   

4. Configuration 

In past designs, the arrays of batteries place within a series and connected in parallel was 

done to optimize amps and while meeting motor voltage requirements.  However, because both 

configurations connect the batteries in series, this strategy has little use to the 2016 team.  The 

configurations can be seen in Fig. ( ) and ( ). 

 

 
Fig. 2: Endurance Configuration 

 

 
Fig. 3: Sprint Configuration 

VI. Hull Design 

1. Current Design  

After viewing the history of past TCNJ team’s performances in the Solar Splash 

competition, the 2015 team noticed that TCNJ had seldom performed to their expectations in the 

sprint event compared to their strong endurance performance history. Therefore, rather than 

creating a major innovation in hull design, the team decided to focus on the implementation of a 

surface-piercing drive system and propeller. The team considered reusing a previously 

manufactured TCNJ hull to complete this task. Thus, it became necessary to select a hull that 

could effectively support this design without making major modifications to the already 

manufactured hull. 
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Fig. 4: Solid Works Model of Hybrid Mono-hull 

The 2009 hybrid mono-hull, shown in Fig. 3 above, has proved to be successful in 

previous Solar Splash competitions, which was used again in 2012. It is comprised of fiberglass 

sandwich with a balsa wood core. As a hybrid hull, it possesses the ability to plane and displace 

water effectively at their respective critical speeds. This design was concluded to be a promising 

candidate for the implementation of the surface-piercing propeller. 

2. Analysis & Design Concepts 

2.1 Design Concepts 

Due to its effective hybrid planing and water displacement capabilities for the sprint and 

endurance events, respectively, the 2015 team decided to implement the hybrid monohull hull for 

their competition. As stated in the Constraints section, the maximum length of the craft must not 

exceed 19 ft. 8 in. This includes all components that protrude from the hull. A surface-piercing 

propeller is most efficient at an optimal distance of 36 in. from the back of the hull, which will be 

discussed in the Propeller section. For these reasons, the 2015 team removed approximately two 

feet of the boat in the stern, displayed below in Fig. 4, to incorporate the new surface drive 

design. Consequently, a new transom would be fabricated and reattached using epoxy and 

fiberglass.  

 
Fig. 5: Modified Solid Works Model of Hybrid Mono-hull w/ Honeycomb Transom 

In Fig. 5 below, the most effective sprint weight distribution requires an angle of 

inclination at 0˚, seen in the Fig. below. This allows the bow to lift out of the water with the 

incorporation of a strong thrust, allowing the boat to achieve proper planing, with the effective 

use of its flat bottom at the back of the boat, at higher speeds. 
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Fig. 6: Sprint Inclination Angle at 0 ˚ 

However, the most effective endurance weight distribution requires an angle of 

inclination toward the bow, seen in Fig. 6 below. This means that the center of buoyancy is to the 

right of the center of gravity. In the slow speed endurance event, this would allow the team to 

take advantage of the canoe-like, water displacement bow and also reduce the wake as the stern 

was lifted out of the water. Additionally, the lift of the back of the hull will decrease the vortices 

created, making this inclination more efficient. 

 

 
Fig. 7: Endurance Inclination Angle towards the Bow 

With the added length for the implementation of the surface drive, approximately 22 

inches of the hull was cut from the stern. Polypropylene Honeycomb, an extremely strong, yet 

lightweight material, was chosen as the material for the transom reconstruction endeavor. With 

the transom alone holding the weight of the surface drive and steering system, it became 

necessary for the addition of further support. 8 holes of 1/2” diameter were drilled into the 

transom so that aluminum spacers, of ½” OD and 3/8” ID, could be placed to help dissipate the 

load caused by the parallel plates of the surface drive. Fig. 6 shows the integrated honeycomb 

transom with aluminum spacers.  
 

 
Fig. 8: Aluminum Spacers Placed into the Transom 

2.2 Analysis   

 Analyzing the flotation of the craft is essential to ensure that the boat will float if 

completely filled with water. For this calculation, the team is required to have a flotation safety 

factor of 120%. Essentially, this means that ratio of the flotation force to the weight of the boat 

and all materials included has to be at a ratio of 1.2. The sprint configuration expressed a flotation 

ratio of 0.708, and in endurance, a ratio of 0.650. These are acceptable numbers, as the team 

planned to integrate polystyrene foam with epoxy resin fiber-glassed to the craft. This reduced the 
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total volume inside the boat, allowing less water to fill. The calculation of these ratios is located 

in Appendix B.  

When analyzing the flotation of the boat, it was important look at both configurations. Based 

on both analyses, the endurance configuration has a larger weight, and therefore, required a larger 

flotation force. With that being said, the flotation safety factor was analyzed in the endurance 

configuration.  

Further calculations (Appendix B) concluded that there is an excess of approximately 3 ft3 of 

excess foam integrated onto the boat from previous years. With this foam in place, the flotation 

safety factor values to 1.61, which fulfills the required safety factor of 1.2.  

3. Design Testing & Evaluation  

Upon testing, the new sprint configuration, which involved altering the displacement of 

the endurance motor head during sprint configuration turned out to be bow heavy. The 

displacement change of the endurance head, after being analyzed from testing, was too close to 

the bow. The team has proposed several solutions to alter the weight distribution so that the stern 

will effectively plane during sprint.  

 Move the endurance motor head back closer to the stern  

 Switch the batteries with the electrical panel, so that the batteries will be placed 

closer to the stern  

Additional calculations will be done for these iterative configurations to form a conclusion of the 

most efficient.  

VII. Propeller Design  
 

1. Current Design  

TCNJ has often designed and created custom propellers for use in both the sprint and 

endurance events. The endurance configuration used in past years has performed well in the 

competition, thus, the team has decided to reuse the 2014 endurance configuration and focus on 

improving performance in the sprint portion of the competition. The team elected to implement a 

surface drive with a surface piercing propeller to maximize top speed in sprint configuration. A 

surface piercing propeller is only partially submerged, with the waterline located at the center of 

the hub. The reason for improved performance is two-fold: First, less appendage drag exists due 

to the propeller being partially submerged; second, cavitation is eliminated as the low pressure 

bubbles that form on the suction side of each blade are ventilated on each revolution of the 

propeller. According to The Propeller Handbook by David Gerr[7], surface piercing propeller can 

provide a 10-12% speed increase over conventional submerged propellers and operate most 

effectively at speeds over 40 knots.  The most crucial design constraint is the peak power of the 

two combined sprint motors is 29.9 HP, with a maximum torque of 43.48 lb-ft and a rated speed 

of 3600 RPM. The torque and speed of the motor can be adjusted via the gear ratio of the drive 

train; however, an increase in torque will result in a decrease in speed and vice versa. According 

to The Propeller Handbook[7], the shaft horsepower may be assumed to be 96% of the maximum 

break horsepower. Therefore the maximum shaft horsepower attainable will be 96% of 29.9, 

resulting in 28.7 SHP.  Last year’s team designed and manufactured a surface piercing 

propeller.  The design process and manufacturing of this propeller are found in Appendix F. 
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2. Analysis & Design Concepts  

 
Surface piercing propellers are a relatively new technology. Much of the information that 

exists for surface piercing propellers is proprietary information. One of the major issues in 

designing this type of propeller is a lack of available data.  A disappointing testing of the student-

designed and manufactured propeller created uncertainty in the design, leading the team to seek 

and attain a donation of a professionally manufactured propeller.  The old student designed 

propeller and the new professionally manufactured propeller are shown in Fig. 9. 

 
Fig. 9: Propeller Design Changes 

 

The increased surface area of the new propeller, due to both the additional blade and larger blade 

size, will allow us to get up to speed quicker.  We will be quicker off of the starting line than we 

were with the old, smaller propeller.  A new stainless steel shaft was required to mount the 

donated propeller. This propeller is a 4 blade semi-cleaver with design specifications of an 11 ½’’ 

diameter and 18’’ pitch.  

3. Design Testing & Evaluation  

 

The professionally manufactured surface piercing propeller allowed the boat to reach a 

top speed of 11.5 mph.  The team is confident that this lower than expected top speed is due to a 

weight distribution mistake that is currently being corrected.  In testing, the bow sat much lower 

in the water than the team intended.  As the propeller climbed out of the water the bow was 

pushed down instead of up on plane as intended.  The team is confident in the new propeller and 

believe that higher speeds will be achieved once the longitudinal weight distribution is 

perfected.  The steps that will be taken to correct the bow heavy weight distribution can be found 

in Appendix E. 
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VIII. Steering Design  
 

1. Current Design  

With the implementation of a surface drive, a traditional outboard lower unit fin would 

not be compatible with this configuration. Additionally, steering the attached endurance unit to 

the surface drive frame was another challenge the team faced. The steering system was designed 

using push-pull cables. A twin rudder system was developed to satisfy the length requirement of 

the craft and allow for successful steering of both the sprint and endurance propellers.  

From the bell-crank, the tilling cable runs along the side of the boat through a series of 

pulleys which do not interfere with other components on the boat. At the bow, it is connected to 

the steering sprocket at the helm. This design provides the skipper for a 60° range of motion, 

without requiring any transition between events. Fig. 10 displays the Solid Works model of the 

steering system with twin hydro airfoil rudders.  

 

 
Fig. 10: Solid Works Model of T-Bell Crank Design w/ Surface Drive Design 

2. Analysis & Design Concepts 

2.1 Steering Design  

In order to achieve optimal maneuverability, the primary goal of the steering system is to 

allow for movement of the rudder, 30 degrees to each side of the center. Additionally, the system 

must be robust, which is attained by having fewer, reliable components. Therefore, a cable 

steering system was determined to be the most favorable design.  

2.2 Rudder Design  

There were several design options for the rudders of the craft. However, the team’s concerns were 

focused with affordability and performance abilities of the design. Additionally, as stated in the 

hull design section, the competition rules state the boat cannot exceed 6 meters (19 ft. 8 in.) in 

length. Therefore, this constraint must be considered for the rudders as well.  
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Table 4: Rudder Design Options 

 
 
In order to successfully perform at the competition, it is vital that such critical components, that 

cannot be easily replaced, do not fail. Thus, material selection was another important 

consideration of the steering system. 

 
Table 5: Rudder Material Options 

 
 
Though the strongest material is preferred, other factors included affordability, manufacturability 

and weight. Minimizing weight is a reoccurring theme for this project, in order to attain the most 

efficiency for the boat propulsion. Therefore, aluminum was selected as the material for the twin 

rudders due its lightweight characteristics, adequate strength, affordability and ease of 

manufacturing. 

The team also designed an airfoil rudder profile to ensure hydrodynamic performance in 

the water. A hydro airfoil design is integrated on boats that travel at slow or moderate speeds. Fig. 

11 provides a display of the symmetrical airfoil cross-section and the Solid Works model of the 

tapered design. Tapering the rudder provides a consistent cross-section throughout.  

 
Fig. 11: Rudder Design in Solid Works Model & Coordinates Display 
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This design will improve the maneuverability of the boat during the endurance and slalom events. 

There were several design considerations regarding hydro airfoil designs, including aspects like 

thickness, tapered vs. non-tapered, the advantages of symmetrical camber, shown in table ___. 
 

 Table 6: Airfoil Rudder Design Considerations 

 

With this rudder the thickest portion will be 25% to 35% along its length (or "chord" as it is 

called) from the forward or leading edge. The shape is such that fullness is provided along the 

contours so that they are convex and not straight or concave. This fullness minimizes resistance 

and provides the necessary lifting forces for turning efficiency.  

3. Design Testing & Evaluation  

Dry testing of the cable steering system concluded that the twin rudders, at maximum 

turning on both left and right turns, achieve the desired angle of 30 degrees rotation. Further 

dynamic testing analysis concluded that at an estimated speed of 5 mph, a turning radius of 20 

feet completing a 180 degree turn was achieved. Additional dynamic testing will include a 

simulation of the solar slalom event. This will be an effective way to measure the boat’s 

capabilities during the numerous back and forth turns. In this way, the reaction timing of the boat 

to the turn of the steering wheel will also be determined. Once these tests are performed, 

adjustments may be made to ensure the steering system will navigate the craft with proper control 

and agility. 

IX. Surface Drive Design  

1. Current Design 

1.1 Overview 

Surface drives are a relatively new type of marine propulsion technology which feature a 

surface-piercing propeller as well as a framework mounted to the transom designed to transmit 

power from the inboard motor(s) to the propeller. An example of this type of drive is shown in 

Fig. 8. 

Design Specification  Advantages  Disadvantages  

Thickness = 0.375 in. • Less drag 

• Lighter 

• More lift with high 

thickness 

Tapering  • Maintain ideal foil section  • Less strength at pivot point  

Symmetrical • More symmetrical control 

• Necessary for left and right 

turning  

• None 
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Fig. 12: Fixed Shaft Surface Drive Adapted from Lancing Marine 

1.2 Improvements 

Surface drives are more beneficial than conventional outboard or inboard drives, because 

they are more efficient. This is due to the cleaving properties of the propeller and the lack of 

appendages (propellers or shafts) underneath the hull. A surface drive requires that the centerline 

of the propeller be level with the bottom of the hull which means that no other appendages or 

components, aside from the rudder, will be submerged below the hull, this in turn means the boat 

will experience less drag. Less drag is desirable because it allows the boat to reach higher speed 

with less horsepower required.  

2. Analysis of Design Concepts. 

2.1 Description 

The surface drive design consists of ¼” aluminum plates bolted on each side of the 

transom to keep the system in place at the 8° angle and 36” length necessary for optimum 

performance. The rear facing plate is the base for most of the tubing that makes up the surface 

drive, as well as the base for the pintle, a device designed to hold the outboard drive that will be 

used for the endurance event in place.  Last year’s pintle was placed at a 20 degree angle to the 

transom in order to allow the outboard drive to tilt out of the water while not in use.  This year’s 

team opted to take the endurance outboard completely off the back of the transom while in sprint 

configuration and place it in foam cut-outs next to the sprint drivetrain.  Fig. 13 shows the surface 

drive and the new position of the endurance outboard while it is not in use during sprint 

configuration.   

 
Fig. 13: Endurance Motor Location during Sprint Configuration 
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The endurance motor will be fastened to the boat while it is not in use, which is shown in the red 

box in the Fig. above.  Moving the resting position of the motor was decided upon based on 

testing this fall, which displayed a stern heavy sprint configuration.  The endurance motor 

weighing approximately 57 lbs. was the most obvious candidate for weight distribution 

correction.  Sitting next to the sprint drivetrain, the lateral weight distribution is even and the 

longitudinal distribution is improved.   A new pintle connection was designed and manufactured 

in order to remove the adjustability of the previous year’s design.  The pintle on the back of the 

surface drive was kept in place in order to avoid weakening the surface drive.  The angle on the 

pintle connected to the transom was designed around, with the connection to the endurance shaft 

angled at 15 degrees and offset from center.  This angle and offset allows the endurance propeller 

to sit as close to directly in front of the left steering rudder as possible, in order to increase 

maneuverability in endurance configuration. The new endurance shaft connection pintle was also 

lighter than the previous adjustable design.  The finished pintle, Solid Works model, and 

connected endurance motor can be seen in Fig. 14. 

 

 
Fig. 14: Solid Works Model of Endurance Motor Modifications 

 

The surface drive was not altered from last year except for the removal of the tilting 

aspect of the endurance motor.  The Solid Works model of the surface drive with old design for 

the resting endurance motor is shown in Fig. 15.  
 

 
Fig. 15: Solid Works Model of Surface Drive w/ Endurance Motor 

The tubing in this design consists of 3 horizontal members welded onto the rear facing 

aluminum plate. Two angled members are also welded onto the rear facing aluminum plate and 

are placed directly above the outermost horizontal members. These angled and horizontal tubes 

are in turn welded onto 4.5” by 2.5” by 2.5” blocks with 1 ¼” inch holes bored through them in 

order to support the rudder shafts from the steering system. These rudder shaft support blocks are 

connected by a 3” by 1.5” rectangular tube with 1/8” wall thickness that is oriented 
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perpendicularly to the horizontal square tubing. All square tubing was chosen to be 1.5” by 1.5” 

tubing with a 3/16” wall thickness and all tubing was required to resist torsion as well as bending 

stress. To hold the propeller shaft in place, a cutlass bearing is placed in a strut which is attached 

to the underside of the middle horizontal tube by a slotted bracket welded in place. This bracket 

allows for the angle of the propeller shaft to be slightly adjusted in the event of any deviations 

from the 8° angle during fabrication. From the initial analysis, the team decided that the tubing 

still needed more support, and chose to add triangular supports to the outermost horizontal tubing 

in order to resist lateral deformation. To resist torsional deformation and keep the frame rigid, the 

team also added gusset plates on the outside of the outermost tubing.  

2.2 Design Choices 

The type of surface drive that the team chose to implement is known as a fixed-shaft 

surface drive, so named because it consists of one fixed propeller shaft which extends from the 

inboard motor all the way to the propeller. A fixed-shaft surface drive therefore is incapable of 

turning the boat on its own, requiring the boat to also include a rudder steering system. Similarly, 

since the propeller shaft is fixed, the propeller cannot raise or lower the trim of the boat, leaving 

out the benefit of trim adjustment. However, it is much simpler to install and to maintain, since 

the only components are the propeller, the propeller shaft, and the support frame and bearings that 

help support the shaft and keep it in place behind the boat. Fewer components will also mean that 

the drive will be less prone to failure. An example of a fixed shaft surface drive from the Lancing 

Marine Pricebook [9] is shown in Fig. 16. 

 

 
Fig. 16: Fixed Shaft Surface Drive 

Since the main purpose of the surface drive is to deliver power from the motor to the propeller, 

the team had to consider how to make a sturdy frame that would support the propeller shaft as 

well as resist any lateral or longitudinal loading such as thrust, lift, and weight. However, the 

team also had to make the surface drive as light as possible to reduce the amount of weight on the 

boat, thereby reducing the amount of power needed to propel the boat, as well as increasing the 

boat’s achievable speed. Finally, the team needed to ensure that the surface drive would resist any 

corrosion, since it would have to be exposed to both aquatic and standard atmospheric 

environments. To satisfy these conditions, the team chose to use aluminum 6061-T6 for most of 

the surface drive components, since it is lightweight, has a high enough tensile strength to resist 

any loading it might endure. Aluminum 6061-T6 also offers good corrosion resistance and has the 

added benefit of being a very affordable material.  When making this selection, it was important 

to note that this design required almost every component to be welded to another component. A 

heavy reliance on welded joints meant that the team had to create a framework that could still be 

strong enough to resist any loading experienced during the competition with 20% of the yield 

strength of standard 6061-T6 aluminum. Therefore, instead of having a yield strength of 40 ksi, 

the welded joints would only have a yield strength of 8000 psi. Finally, square tubing was chosen 

over circular tubing because the square cross section had both a higher area moment of inertia and 

a higher polar moment of inertia than the circular cross section. This means that the square tubing 

is more resistant to bending stress and torsional stress than the circular tubing. 
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2.3 Analyses of design 

The performance of the surface drive was analyzed when the rudders are positioned at their 

maximum angle of 30° since this was assumed be the most extreme loading case. The loads then 

determined from the free body diagram included drag forces and transverse forces as well as each 

of their moments on the rudder shaft support blocks, and weight loading from the outboard drive 

on the pintle as well as the weight of the surface drive itself. Since drag force would most likely 

have a negligible effect on the surface drive at only 30°, it was sufficient for each of the drag 

forces to be overestimated at 100 pounds, causing drag moments of 600 pound-inches if the 

center of the rudders are located 6” below the rudder support block. The transverse force was 

more difficult to determine, since it has a large effect on the surface drive, but can vary greatly 

depending on the speed of the boat, or the angle of attack of the rudders. By using the fastest 

completion time on the slalom event and the given length of the course, the team determined that 

an ideal speed for turning would be anywhere from 12 mph to 15 mph since that was the average 

speed of the winner of that event. The team then set the design goal of being able to turn at an 

angle of at least 20° at this speed. Realizing that this transverse force is actually a lift force, the 

group referenced a chart from Force and Moment Characteristics of Six High-Speed Rudders for 

Use on High-Performance Craft [8] that showed the lift coefficients for a NACA 0015 airfoil in a 

water tunnel with a Reynolds number of 1.02x10^6 vs. different angles of attack from 0° to 35°. 

This chart is shown in Appendix H and the Reynolds number used was calculated to correspond 

to about 17 mph using standard freshwater properties. It was also noted that the highest 

coefficient of lift for the NACA 0015 airfoil in a water tunnel occurred at a 20° angle of attack, 

meaning that the worst loading case would actually occur at that angle instead of the 30° that was 

previously assumed to be the worst. Therefore the team could safely assume that the coefficients 

of lift obtained for each angle of attack on the chart could be applicable to the rudders used by the 

team. With these lift coefficients, the team could determine the transverse/lift force on the rudders 

for various angles of attack at a few different speeds in the 10 to 20 mph range using the lift force 

equation, 

 
FL = 12CLV2A                (3) 

 
With this equation, the group was able to calculate that at a 20° angle of attack and at 15 mph, the 

transverse/lift force would be 166.26 lbs. on each rudder. This force corresponded to a moment of 

about 997.56 pound-inches on each of the rudder shaft support blocks. Using the simulation 

program ANSYS v.15.0, the team determined that for these loading conditions, the part would 

experience a maximum stress of 7641 psi, meaning that it could sustain all of the loading 

conditions experienced during competition, while maintaining structural integrity. This result is 

shown in Appendix K. 

X. Drivetrain Design 

A. Current Design. 

One goal of the 2015 TCNJ Solar Splash team was to improve in the sprint 

portion of competition while maintaining competitive in the endurance portion of 

competition. In order to achieve this, a new surface drive design will be implemented for 

the sprint event and the team would use an outboard previously designed that has kept 

TCNJ competitive in the endurance event. With the implementation of a surface drive 

system, the drivetrain designs for both the endurance and sprint configuration must be 
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compatible with the design of the surface drive. Through research, the team discovered 

that surface-piercing drive systems are most efficient when the shaft is coming into the 

hull at an angle of 8°. With that angle in mind, an inboard drivetrain was designed to be 

placed in the hull at an angle of 82° to allow for the drive shaft to connect to the pulley 

system at 90°.  

The pintle of the outboard drive was re-designed to be integrated on the surface 

drive on the port side of the hull. To compensate for the weight of the outboard drive, the 

motors on the inboard drive were placed on the starboard side of the hull. 

B. Analysis of Design Concepts 

Unlike larger hulls, the solar boat is a light water craft which is powered by 

smaller motors and solar energy. Since the boat only operates under these forms of 

power, it is necessary to keep the design of the drivetrain as lightweight as possible. It is 

also important to keep the design as simple as possible. A simple design will not only be 

more cost effective but allow for quick and efficient adjustments if needed. In order to 

keep the mounting of the motors and gearing lightweight, the material chosen for the two 

plates was aluminum 6061-T6 and the material used for the supports holding the plates at 

an angle of 82° was chosen to be plywood. The plywood supports will be fiber glassed 

into the hull to add extra strength to the supports. The belt driven system was also 

determined with the weight of the system in mind. Belt driven systems are significantly 

lighter than other systems and offer better adjustability with the use of tensioners.  

The inboard drivetrain consists of two ¼” 6061-T6 aluminum plates which are separated 

by 3” x 2”x 1” aluminum blocks. The two aluminum plates are cut to 18”x 20” and 

excess aluminum is cut from the top of the plates. The open top allows for the user to 

have easier access when adjusting the timing belt or pulleys. The motors are mounted on 

the starboard side of the hull facing the bow. Placing the motors in this position takes 

advantage of the motor weight to counterbalance the weight of the located endurance 

unit. Facing the motors towards the bow allows easy access when connecting to the 

electrical panel when setting up for the sprint event. To compensate for the surface drive 

shaft coming into the hull at 8°, the two plates are attached to two cut plywood supports 

which hold the aluminum at an 82° angle. The prototype of this design is shown in Fig. 

17.  
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Fig. 17: Sprint Drivetrain 

A stub shaft was constructed to connect to the drive shaft using a coupler. The 

coupler allows the team to disassemble the drivetrain from the surface drive if 

adjustments must be made.  

Through coordination with the propeller designer, an operating speed of 500 RPM 

was decided for the endurance competition and a speed of 4300 RPM was decided for the 

sprint configuration, to optimize the performance of the surface -piercing propeller. With 

the targeted RPM in mind, a spreadsheet was made using nominal sizes of pulleys found 

in storage and on the BRECOFlex’s catalog. The selected pulley’s and resulting propeller 

(prop) RPM are highlighted in Table 7.  
 

Table 7: Motor to Prop RPM 

 
The sprint power head uses two Lynch LEM200 D126 motors, which run a single drive 

shaft. The motors run at a rated 3600 RPM at a 36V power supply. The motors each have 

a 32-tooth pulley, which drives a 27-tooth pulley on the drive shaft. The final speed 

attained is 4266 RPM, which closely models the designed RPM.  

The endurance power head uses a PMG132 motor, which applies a speed of 1080 

RPM when run at 24V. The motor shaft has a 20-tooth pulley, which drives a 40-tooth 
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pulley on the drive shaft, producing a 1:2 ratio and stepping the RPM down to 540. 

Through the 14:15 Konny Racing lower unit, the RP Another necessary component in the 

initial design of the drivetrain was the selection of bearings. Bearings are necessary to 

constrain the relative movement between two points and will be necessary in keeping the 

drive shaft aligned while it is being driven by the belt and pulley system. There are 

various types of bearings but the main bearing considered was a ball bearing. Self-

aligning ball bearings have lower friction value and are more forgiving of imperfections 

in the gearbox construction. Thus, it was determined that self-aligning ball bearings 

would be the optimal choice. Three ball bearings were selected to be placed on the shafts 

for the two sprint motors and the stub shaft connected to the drive shaft by a coupler. A 

1” medium duty two bolt flange bearing was selected for the drive shaft due to its 

capability of carrying the thrust loads produced by the surface-piercing propeller. 

C. Design Testing & Evaluation  

    Further testing of the sprint configuration concluded that the functionality of the 

drivetrain is efficient. However, there is speculation that the proper amount of power 

expected to be produced is not being fulfilled. This may be contributed to a 

malfunctioned sprint motor. The team will remove the connecting belt, and dry testing 

the drivetrain. WIth this, there will be sufficient evidence to support this claim that 

required power to maximize the surface piercing propeller if not being reached.  

XI. Data Acquisition System 
 

1. Current Design  

Designed around an Arduino Mega 2560, the data acquisition system needed to get the 

battery array voltage and current, the solar array voltage and current, and craft speed.  

These parameters had to then be transmitted to team onshore team as well as display 

them to the driver in order for the team to make critical decisions during competition. 

Through use of a differential attenuating circuit seen in Fig. 18,  the voltages from the 

solar and battery array will be obtained.  As where current measurements will use current 

transducers operating on the hall-effect principal.  The manner in which speed will be 

obtained has not been decided on at this point in time.  However, the transmittal of data 

will be done through the use of two Stream 900 MHz RF modems that are capable of 

wireless data transmittal from up to 7 miles away.  The entire data acquisition system is 

powered through the use of an auxiliary battery as permitted by competition rules. 
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Fig. 18: Differential Attenuating Circuit 

2. Analysis of Design Concepts 

The methods chosen to be used for obtaining current and voltage measurements were 

decided upon because of their ability to be implemented without disturbing or taking 

power from the electrical system.  A voltage divided and a voltage follower circuit were 

considered for voltage measurement acquisition, however a follower required 2 analog 

inputs and although a voltage divider requires only one analog input, it consumes 

substantially more power than the differential attenuator circuit that was designed.  

Similarly, the use of hall-effect transducers was decided upon for measuring current 

because they do not need to interrupt the circuit being measured in any way.  The RF 

modem was chosen because it was already on hand and the microcontroller was easily 

interfaced with the modem by implementing a level shifter between the two devices. 

 

3. Design Testing and Evaluation 

The system has yet to be fully fabricated, however the parts that have been prototyped 

and test thus far have shown promise.  Further testing and prototyping will need to be 

done to ensure a functional system during competition 

XII. Project Management  

1. Team Organization & Responsibility  

The College of New Jersey’s 2016 Solar Electric Boat team is composed of 4 

team members from two engineering disciplines, mechanical engineering and electrical 

engineering. The four senior team members worked together building one overall system 

for their Senior Project I and II capstone course, while also planning to compete at the 

2016 Solar Splash competition. Each member of the team is responsible for multiple 

subsystems of the boat. Two mechanical and one electrical and computer engineering 

faculty members advised the team. The team roster is detailed in Appendix D. 
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2. Project Planning & Schedule 

The 2016 team decided that a key to developing a successful project would be to 

properly plan for it and to create a schedule. The team was first formed in the spring of 

2015 and their first official meeting was held in during the following summer. During 

this meeting the team discussed each of the subsystem designs, initial discussion of 

integrating each component, and the proper planning required to finish on time with a 

successful project. To help the team keep on schedule, a Gantt chart was created 

(Appendix J), which outlined schedules for each subsystem. The team met every 

Wednesday with the advisors to talk about their designs and any unforeseen 

complications. All meetings’ minutes were thoroughly recorded in a logbook. The team 

was on schedule throughout the fall, but unfortunately ran into delays starting the 

construction over the winter due to late material orders and necessary redesigning’s of the 

subsystems. Fortunately, the team was able to get back on schedule and successfully 

tested within the testing time of April 9th – April 29th. There will be additional tests done, 

as the results of this testing did not provide the results expected. The team assigned the 

final 50 days prior to competition as a time where any additional testing can be 

completed.  

3. Financial & Fund-raising 

Each member of the team is given $300 to start out with in the budget, called seed 

money. From there, the team completed several budget proposals, including a travel 

budget and a budget for materials necessary for the project. These budgets are presented 

to the Dean of the School of Engineering, where it is then either approved or denied, in 

which case, the team will change the budget, need be. Table 10.1 is the overall budget for 

the 2016 Solar Boat team.  

 
Table 8: Team Budget Summary 

System Total  

Endurance Motor  $50 

Propeller Integration  $142.53 

Electrical System $970.89 

Telemetry  $48.03 

Rudders  $136.57  

Travel $3,386 

Miscellaneous  $200 

Drive Train $35 

Total  $4,969  
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Currently, the team has been granted $4,000 for the travel budget. The estimate for 

$3,386 is most likely going to increase because of the price of gas. The 2016 team did not 

need to present a budget proposal to the Dean, as there was money left over from the 

previous team.  

4. Strategy for Team Community & Sustainability  

Every year, the TCNJ Solar Boat team is primarily composed of senior students, thus, it 

is important to pass on all resources used and any documentation collected to future 

years’ teams. This year the team included interested underclassmen during the design 

phase and construction of the boat. The team has continued using a cloud-based service 

called Dropbox, which keeps future teams informed about the past projects’ successes 

and any recommendations. It is also fortunate that there is a 2016 team already formed 

and have helped out through the  construction phase, allowing them to understand what 

needs to be done and to have a better understanding of the scope of the project. Two of 

next year’s team members will be attending this year’s competition to gain valuable 

experience. 

 

 

XIII. Conclusions & Recommendations  
 

A. Strengths 

● Surface drive will improve efficiency and sprint performance 

● Hybrid monohull maximizes use of the hull for each configuration 

● Outboard drive that has performed well in previous competition 

● Proper telemetry system that can help maximize the use of batteries in the endurance 

event   

● Redesigned electrical system that will minimize adjustments when transitioning from one 

event to the other 

B. Weaknesses 

● Time limitation on testing of the boat and making changes  

● Boat is very difficult to place in the water due to length  

● Surface drive and drivetrains concentrate most of the weight of the boat in the back.  

 

C. Recommendations 

In the future teams should attempt to begin construction on all systems even sooner than 

this year’s team. This way, the team could more comprehensively test the boat design and make 

any adjustments necessary. Given more time to complete this project, the team would recommend 

attempting the implementation of a contra-rotating propeller design for the endurance event. A 

contra-rotating propeller would increase performance in the endurance portion of the competition 

because it can deliver the maximum power required with reduced energy loss.    
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Appendix A: Battery Documentation  
 
The following is the technical and safety data for the Optima 25 Red Top. 
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The following is the technical and safety data for the Odyssey PC680 sprint batteries.  This is provided 

in case the team does not obtain the new Optima batteries in time for competition and is forced to used 

batteries from last year’s team. 
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The following is the technical and safety data for the Interstate MTP-93 endurance batteries. 
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Appendix B: Flotation Calculations 
 

Endurance Configuration  

 

 
 

 

This table above concludes that there is excess foam on the current integrated boat 

design, by a value of approximately 3ft3, as shown in the column far right.  

The current flotation force in this configuration was calculated to be 942.86 lb. This 

results in a flotation safety ratio of 1.61.  
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Sprint Configuration  

 
 

 

The team concluded that this configuration was not necessary to analyze in concluding 

the flotation safety factor. To ensure this, calculations were made anyway.  
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Appendix C: Proof of Insurance 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



47 

 

Appendix D: Team Roster 
 

Timothy Mindnich, 2016 Mechanical Engineer 

 Endurance motor 

 Sprint propeller integration 

    Joseph DiLorenzo, 2016 Engineering Management (Mechanical) 

 Steering and Rudder design 

 Weight Distribution 

    Matthew Berry, 2016 Engineering Management (Mechanical) 

 Electrical System 

 Telemetry 

    Kali Cippola, 2016 Mechanical Engineer 

 Drivetrain  

 Captain 

     

        Last year’s contributors: 

            Edward Han, 2015 M.E. 

-          Project Manager 

-          Hull Modification 

-          Steering System 

Kevin Butterhof, 2015 M.E. 

-          Propeller Design 

Elias Davila, 2015 M.E. 

-          Surface Drive Design 

Julian Daum, 2017 E.E 

-          Electrical System 

-          Telemetry System 
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Appendix E: Solutions to weight distribution issue 
After a disappointing test in sprint configuration the team brainstormed solutions to our weight 

distribution issue.  The following iterative plan is currently being implemented.  The first step take will be 

to flip the resting position of the endurance motor.  This will move the 40 lb powerhead about 3 feet toward 

the stern.  The motor is the heaviest object with the greatest moment that can be most easily shifted.  If the 

swapping of the motor position does not raise the bow out of the water as much as the team would like, the 

position of the panel and batteries will swapped.  The panel would have to be condensed to fit in the 

skinnier part of the hull.  This would move 90 lbs. batteries to the stern side of the center of gravity.  

 

Appendix F: Previous Year’s Propeller Design 
The first step in designing the propeller was to choose a suitable diameter, number of blades, and 

operating speed using open-source software Open Prop v.3.3.4.  The program uses a number of input 

parameters, such as ship speed, required thrust, diameter, RPM, number of blades, etc. to calculate required 

torque, horsepower, and propeller efficiency. 

Determining the optimal number of blades, diameter, and operating speed was a highly iterative process. 

The parameters for ship speed and power were fixed at 40 knots and 28.7 HP respectively, while the 

experimental parameters, number of blades, diameter, and rotational speed were varied over a large range 

of values. The goal of the analysis was to determine which combination of experimental parameters would 

produce the highest thrust without exceeding the available shaft horsepower. Each iteration was manually 

inputted into Open Prop and the data was collected in an Excel file. The results of the of the parametric 

analysis showed that a three-bladed, 8” propeller operating at 3900 RPM would provide the highest thrust 

at 83.2% efficiency.  

 
Table 9: Propeller Thrust Curve 
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The thrust curve for the 8” propeller shown in Table 9 revealed that over the range of 3200-4500 RPM the 

thrust varied by only 10 Newtons. It was for this reason that an operating speed of 4266 RPMs was chosen 

as the required pulleys and gears to achieve this output speed were already in the team’s possession. 

 

 

The team was able to verify the chosen diameter and speed using The Propeller Handbook[7], as a 

reference. Equation 1, adopted from Gerr, can be used to find the diameter of a three bladed propeller of 

standard elliptical contour and flat faced section, with blade widths of about 0.33 mean-width ratio 

 

 

 

   

where: D = propeller diameter in inches; SHP = shaft horsepower at the propeller; RPM = shaft RPM at the 

propeller. 
Substituting 28.7 SHP and 4266 RPM into equation1, results in a diameter of 8.22 inches, which is 

very close to the results obtained using Open Prop. The handbook also states that surface piercing 

propellers are usually about 30-40 percent larger in diameter than comparable standard propellers. Erring 

on the side of a larger diameter, the team chose to increase the propeller diameter by 40%. A 40% increase 

in the calculated 8.22 inch diameter results in a diameter of 11.5 inches. 

With a boat speed of 40 knots and an engine speed of 4266 RPM, the pitch that will give the same 

forward distance traveled per minute as the boat will travel at 40 knots can be calculated. The boat speed in 

knots converted to feet per minute (FPM) is 4050.7 FPM. Dividing 4050.7 FPM by 4266 RPM results in a 

pitch of 0.949 feet (11.39 inches) per revolution. This calculated pitch assumes no slip occurs between the 

propeller and the water, such is not the case. In order to calculate the required pitch, slip must be a factor. 

Slip can be calculated using the following: 

 

 

 

With a boat speed of 40 knots, the slip is calculated to be 17.1%. Increasing the slip without pitch by 17.1% 

yields a pitch of 13.34 inches. 
To determine the necessary maximum blade thickness of the propeller blades, an ANSYS 

structural analysis was performed. There were a number of difficulties in performing a structural analysis 

on the blades due to the unknown nature of the forces acting on the blade as the propeller impacts the water 

surface. To address this issue, an assumption was made that the maximum impact force on a single blade 

would not exceed 224 lbf (1000 N). This value was considered to be a conservative estimate of the 

maximum load that would be experienced by an individual blade. Other forces that would be experienced 

by the blade during operation were considered to be relatively minor compared to the impact load and thus 

were not factored into the stress analysis. 

To simulate the impact force, a uniformly distributed line pressure load was applied to the 7.5” 

blade edge, yielding a load of 29.9 lbf/in. The angle at which the load was applied greatly affected the 

maximum stress in the blade. To determine the worst case loading scenario, multiple iterations of the 

analysis were performed to determine the angle, relative to global axis, which produced the maximum 

stress. The blade loading condition and a graph of the maximum blade stress as a function of loading angle 

is shown below.  
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Fig. 19: Structural Analysis of Propeller Blade 

 
Table 10: Stress vs. Load Direction  

 
 

The blade thickness was determined using the 29.9 lbf/in impact load at the worst case scenario 

angle. A thickness of 0.35” produced a maximum stress of 19.9 Ksi. The yield strength of aluminum 6061-

T6 is 40 Ksi, which provides a factor of safety of 2. A safety factor of 2 was considered acceptable due to 

the relatively severe impact load conditions applied to the blade. However, since the propeller is such a 

crucial component in the success of the entire boat, the blade thickness was increased to 0.4” to provide 

additional structural support. 

The propeller will be constructed out of a 3 x 13 x 13 inch solid block of 6061-T6 aluminum using 

the college’s five axis CNC milling machine. The CAESES CAD model of the propeller was exported into 

Solidworks where the block of material housing the propeller was modeled and where the hub edges were 



51 

 

rounded for increased hydrodynamics. The file was then transferred over to the college’s machinist who 

programmed the CNC machine using the model. The propeller was first machined out of a solid block of 

Butterboard to ensure the programming was correct and to allow for changes to be made before the final 

propeller was constructed out of aluminum. Fig. 20 shows the butterboard prototype during the machining 

process. 

 
Fig. 20: Butter board Prototype during CNC Mill Machining  

The butterboard prototype was completed and after inspection it was apparent that no major changes 

needed to be made. The propeller was carefully filed out of the butterboard housing and sanded on the tips 

in order to achieve a smooth surface.  The final propeller is shown in Fig. 21 below. 

 

 

 
Fig. 21: Final Product of Surface Piercing Propeller (2015) 
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Appendix G: Surface Drive 
 

 
Fig. 22: Structural Analysis of Surface Drive Design 
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Appendix H: Drive Train  
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The following are technical specifications for the LEM-200 D126 sprint motors 
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The following are technical specifications for the Perm PMG132 endurance motor 
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The following are technical specifications for bearings selected for the design 
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Appendix I: Solar Panel Technical Information  
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