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ABSTRACT 

 Biomimetic robotic technology has been increasing rapidly in the past few years. Robots 

mimicking tuna, dolphins, cheetahs, dogs, and many other animals have been developed and 

refined. The development and improvement of oscillating foil technology in combination with 

the various biomimetic robots spawned the idea of the creation of a biomimetic penguin robot. 

The development and testing of the robot penguin. An oscillating foil produces a lift and a thrust. 

Using oscillating foils for propelling the penguin robot mimics penguins flapping their wings to 

swim quickly through water. This report details the process and details of designing and building 

a prototype biomimetic penguin robot.  It details the theory and development of the oscillating 

foils which serve as wings, as well as the engineering process applied to developing the robotic 

penguin body.  

THEORETICAL DESCRIPTION 

WING THEORY 

 Oscillating foils produce both a thrust and a lift.  By nature, oscillating foils do not 

produce a steady force but rather a time varying force.  Equations can be developed for the force 

produced by an oscillating foil with respect to time based off foil parameters.  The Morison 

Equation with relevant assumptions was the governing equation used for this project.  

BODY THEORY 

 Developing the body raised the question of whether the biomimetic penguin robot was 

going to be primarily floating on the surface or if it would be more of an underwater robot. We 

ultimately decided to create a robot designed to swim through the water. After designing the 

body, numerous tow tank tests were conducted on a smaller 3D printed scale model of the body. 
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 The data collected from the tow tank tests on the smaller scale penguin body was 

analyzed using MATLAB and Excel. For the penguin body, the main thing we were interested in 

was the drag on the body as it was towed through water. Using Excel, the raw data was compiled 

into graphs to find the Reynolds number and the drag force. 

For some calculations, the data indicated that the final penguin body would be unstable in 

water and would rotate if a constant thrust was introduced. The theoretical calculations done to 

determine where the wings should be placed indicated that the wings should have been placed 

one meter in front of the penguin body which made no sense. Disregarding the theoretical 

calculations, we conducted simple tests using the large-scale penguin model. These tests on the 

large-scale penguin model showed us that our theoretical calculations were incorrect. The printed 

penguin body was very buoyant and was also very stable. Table 1 and Table 2 show the graphs 

created from the collected data that were used to find the Reynolds number and the drag force for 

the penguin body. 

 

Table 1. Drag vs. Reynolds number for penguin body 
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Table 2. Drag force vs. velocity for penguin body 

EXPERIMENTAL MATRIX 

WING EXPERIMENTS 

   To determine various characteristics of the propulsion developed by the wing, several 

experiments were conducted using the Sea Grant tow tank (See Appendix A).  First, a series of 

steady tow tests were conducted to determine the drag coefficient of the wing.  It was found that 

the drag coefficient is an order of magnitude higher on the power stroke than on the return 

stroke, which means an assumption used in the Morison equation model that the drag of the wing 

on the return is zero holds true.  

 Next, a series of tests with oscillations in the tank were conducted to gain a sense of at 

what amplitude and frequency of oscillation the wing would produce the largest thrust.   

 Finally, a series of tests with the wing being towed at a steady rate by the tank but being 

flapped by a servo were conducted to determine how much thrust the wings would produce 
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under true operating conditions and to gain a sense of at what speeds the wing would no longer 

be able to open and produce thrust.   

ROBOT DESIGN 

WING DESIGN 

Each wing consists of a plastic spline that acts as a bone and gives the wing structure 

encased by a rubber shell which acts as the “flesh” of the wing (See Figure 1).  These splines 

were modelled in AUTOCAD and cut on the Sea Grant laser cutter.  A mold for the wings was 

modelled in Solidworks and 3D printed.  Then the rubber polymer was mixed and poured into 

the mold around the spline and allowed to harden.  Two metal rods were glued into the slots on 

the spline prior to pouring the mold, and these rods later serves as the points about which the 

wing feathered.  A plastic “shoulder” was modelled in Solidworks that acted as the point about 

which the wing would pivot to feather during operation.  Once printed the shoulder was slipped 

over the rods sticking out of the wing and secured.   

WING INTEGRATION 

 The wings were flapped by two servos programmed to flap on a mirrored trajectory, so 

the wings would flap symmetrically.  To attach the wings to the servos a part was added to the 

shoulder which served as an extension and connection to the servo horn (See Figure 2.).  It had 

gear teeth which meshed with the servo gear teeth, and it had a rod which went between the 

servo horn and the wing shoulder to create the separation between the wing and servo necessary 

for the wing to flap successfully.         
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FIGURE 1.  Wing Spline 

 

Figure 2. Shoulder and Extension 

BODY DESIGN 

 We started off designing a robot body mimicking the shape of a Gentoo penguin body. 

Figure 3 is the picture we based the body of the robot on.  
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Figure 3. Drawing showing shape of Gentoo penguin body 

 

Figure 4. Solidworks rendering of robotic penguin body 

Figure 4 depicts the body designed in Solidworks 2016. After collecting data from the 

tow tank tests, the body was modified in preparation for creating the final robot. We also added 

holes for screws to lock two halves of the body together. “Rocket fins” (suggested by Dixia Fan) 

were also added to give the body more stability and buoyancy in water.  

The final robotic penguin body was printed in 6 parts with each part optimized for 

maximum printing on the FlashForge Finder 3D printer. After printing out all six parts, pieces 

were glued together to create two main body pieces that could then be screwed together. Figure 5 

shows the Solidworks part of the final penguin body. 
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Figure 5. Final penguin body design with holes for screws 

CONCLUSIONS 

 Combining the work done on the wings and the work done on the penguin body allowed 

us to create a biomimetic penguin robot that was able to flap its wings in water. The initial swim 

tests went poorly because the servos were not able to generate enough thrust or lift to propel the 

robot through water. After optimizing the performance cycles of the servos and adding a unique 

balance of weights and floats, we were able to get very close to having a robotic penguin that 

swam at a set depth of the water. However, the servos still were not strong enough to maintain 

enough lift to keep the robot off from the floor of the water tank.  

We added on “training wheels” to get around this problem. The “training wheels” were 

floats attached to the robot with strings and they allowed us to choose what depth we wanted the 

robot to operate at.  

Ultimately, the robot was successfully able to move in a straight line with the thrust 

produced by the wings, and the concept of an oscillatory foil propelled penguin robot was shown 

to be easily attainable.  The method of using the self-feathering shoulders allowed the robot to 
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take advantage of two degrees of freedom with only one servo operating each wing.  For 

additional information on the Arduino Code See Appendix B.   

SOURCES OF ERROR 

 Uncertainty in the tank and an inability to accurately calculate the frequency of motion 

produced by the servo were the main sources of error in the wing experiments.  

 We came across many problems with the theoretical calculations for the penguin body. 

This may have been due to incorrectly derived equations. Another possibility is that our 

calculations assumed the body was a uniform ellipsoid when in reality, it was most of a dart 

shape. The stabilizing fins did wonders for the final product because they added a lot of stability 

to the robot and made the body resistant to rolling. 

RECCOMENDATIONS FOR FUTURE WORK 

 Due to a limited amount of time, the “final penguin robot” was a very crude prototype. 

There are many improvements that can be made to our current design. A full optimization of the 

wing shape and the bend in the wing for maximum thrust could be conducted.  More experiments 

to determine the best speed of the servo for maximum efficiency could be conducted.  A method 

to steer the robot both vertically and horizontally could be developed. If the method of 

propulsion could be improved, the robot would have no need for training wheels to help it swim 

at a certain depth. The flapping foil propulsion just needs to be improved to a point where it 

generates enough lift to allow it to stay off the surface floor. The robot can also be further 

improved by studying penguins and incorporating more biomimetic aspects. The body design 

was inspired by the shape of actual penguins but does not mimic the body shape perfectly. 
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Paddles to mimic feet and a rudder to mimic a tail could also be added to make the robot even 

more similar to an actual penguin. 

 There are so many ways that biomimetic technology can be incorporated into robotics. 

The robotic penguin developed this summer is an example of how even a simple robot can have 

biomimetic aspects incorporated into its design. 
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APPENDICES 

APPENDIX A- TOW TANK 

CONSTANT VELOCITY TESTS 

 

 Experiments 1-5 were the wing in the open position, and 6-10 were the experiment in the 

closed position, and it is clear from the data that the drag while the wing is closed is significantly 

smaller than while the wing is opened.   

 Experiments with the tank carrier oscillating are negated because the results were not 

found relevant to the project.   

ARDUINO EXPERIMENTS 
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 Two days of experiments were conducted with the tank carrier providing a constant 

velocity and the Arduino providing the oscillatory motion.  From these results, it was found that 

a range from 80 to 170 degrees, a step size of 5 degrees, a 20 mS delay, and no pause between 

the power and return strokes.   

 

 

This graph shows velocity vs thrust produced by the wing at 5 and 6 volts power supply, 

and it was found that at either voltage the velocity at which the wing produced more drag than 

thrust was about the same and the decision to use five volt power was made based off this.   
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APPENDIX B 

 

 

 This is the code that was used to make the two wings flap simultaneously.  It is very 

simple, and parameters could and can be easily changed to change the stroke length of the wings, 

the rate of the fore and aft strokes and the length of delays.   


